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SUMMARY 



The technioue of differential display reverse transcription-polymerase chain reaction (ddRT-PCR) has been used to produce unique 
nflle? of un-reeulated and down-regulated gene expression in the liver of male Wistar rats following short term exposure to the 
I Lotoxic heoatocarcinogens, phenobarbital and WY-14,643. Animals were treated for 3 days, whereupon their livers were 
Z and snap fro^ mRNA was prepared from the livers and used for ddRT-PCR. Individual bands from the differenual 
Splays were extracted and cloned. False positives were eliminated by dotblot screening and true positives then sequenced and 

identified. 



INTRODUCTION 

Safety evaluation of, new chemicals usually necessi- 
tates the examination of genotbxic and carcinogenic 
potential using short-term in vitro and in vivo geno- 
toxicity assays augmented by chronic bioassay tests. 
The short-term assays have proved useful in the early 
identification of potential genotoxic carcinogens, but 
their value is limited by observations which suggest 
that approximately 60% of chemicals identified as car- 
cinogens in life-exposure studies produce mainly 
negative findings in short-term genotoxicity tests (1,2). 
Thus, there is currendy no reliable and rapid means of 
evaluating the carcinogenic risk of new chemicals 
which fall into this latter group of compounds, termed 
non-genotoxic (or epigenetic) carcinogens. 



Please send reprint requests to : Dr John Rockett, Molecular 
Toxicology Group. School of Biological Sciences. University 
of Surrey, Guildford, Surrey GU2 5XH, UK. 



It is now evident that non-genotoxic carcinogens 
constitute a group of chemicals which are not only di- 
vergent in their interspecies toxicity, but also demon- 
strate different target organ selectivities and mecha- 
nisms of action (3,4). Elucidation of the molecular 
mechanisms underlying non-genotoxic carcinogenesis 
is currently underway, but the picture is still far from 
complete. It is anticipated that a better understanding 
of the early changes in genetic expression following 
exposure to non-genotoxic carcinogens will aid devel- 
opment of experimental strategies to identify cellular 
markers which are diagnostic for this type of toxicity. 

Subtractive ddRT-PCR is a recently developed 
technique which facilitates the preferential amplifica- 
tion of gene products that demonstrate altered expres- 
sion in target tissue(s) following exposure to chemical 
stimuli. Furthermore, using this technique, no prior 
knowledge of the specific genes which are up/down 
regulated is required. In the current study, we have un- 
dertaken to develop a specific and rapid assay for non- 
genotoxic carcinogens using the technique of ddRT- 
PCR. This has allowed us to identify characteristic 
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patterns of gene regulation following administration of 
two different non-genotoxic carcinogens (phenobarbi- 
tal and Wy- 14,643) and the subsequent identification 
of individual gene species which are regulated by this 
xenobiotic treatment. 

MATERIALS AND METHODS 
Animals and treatment 

Phenobarbital (BDH, Poole, UK; 100 mg/kg/day) or 
[4-chloro-6-(2,3-xylidino)-2-pyrimidinylthio] acetic 
acid (Wy-14,643) (Campo, Emmerich; 250 
mg/kg/day) was administered by gavage to groups of 
3 male Wistar rats (150-200 g) on three consecutive 
days, whilst control animals received nothing. All ani- 
mals had free access to food (rat and mouse standard 
diet, B&K Universal, Hull, UK) and water. The ani- 
mals were killed on the fourth day, whereupon their 
livers were excised, sliced into 0.5 cm cubes, snap fro- 
zen in liquid nitrogen and then stored at -70°C. 

mRNA extraction 

Up to 0.25 g of each frozen liver sample was ground 
under liquid nitrogen using a mortar and pestle. 
mRNA was extracted from the ground liver using 
Promega's PolyATtract® System 1000 (Promega, 
Madison, WI, USA) according to the technical man- 
ual. The mRNA was DNase-treated (Promega, final 
concentration 10 U/ml) before phenol/chloroform ex- 
traction and ethanol precipitation. The mRNA was re- 
suspended at a final concentration 500-1000 ng/ul 

ddRT-PCR 

This was carried out using the PCR-Select™ cDNA 
Subtraction Kit (Clontech, Palo Alto, CA, USA) ac- 
cording to the manufacturer's instructions. Final PCR 
reactions were run on a 2% Metaphor agarose (FMC, 
Rockland, MD, USA) gel containing ethidium bro- 
mide (Sigma, Dorset, UK) and then overstained for 30 
min with SYBR Green I DNA stain (FMC, 1:10 000 
dilution in TAE). 



Band extraction and cloning 

Each discernible band from the differential display 
pattern was extracted from the gel with a scalpel and 



the DNA eluted using a Genelute™ Agarose Spin Col- 
umn (Supelco, Bellefonte). An aliquot of the eluted 
DNA (5 u.1) was re-amplified using the original ddRT- 
PCR nested primers and electrophoresed on a 2% 
agarose gel. The re-amplified band was extracted from 
the gel (as above) and the eluted DNA ligated directly 
into the TOPO TA Cloning® vector (Invitrogen, 
Carlsbad) before transformation in Escherichia coli 
TOP10F One Shot™ cells (Invitrogen). 

Stage 1 screening 

Twelve transformed (white) colonies from each band 
were grown up for 6 h in 200 jal LB broth containing 
ampicillin (Sigma, 50 Hg/ml) and 1 jil of this ampli- 
fied by PCR reaction (as specified in ddRT-PCR tech- 
nical manual). One quarter of the completed reaction 
was electrophoresed on a standard 2% agarose gel and 
one quarter on a 2% agarose gel containing HA Yel- 
low (Hanse Analytik GmbH, Bremen, Germany, 1 
U/jil) to discern the different cloning products. The re- 
mainder was used to prepare duplicate dotblots on Hy- 
bond N+ (nylon) membranes (Amersham, Little Chal- 
font, UK). Cultures containing different cloning prod- 
ucts were grown up and a plasmid miniprep prepared 
from each (Wizard Plus SV Minipreps DNA Purifica- 
tion System, Promega) according to the manufac- 
turer's instructions. 



Stage II screening 

The duplicate dotblots were probed with: (a) the final 
differential display reaction; and (b) the 'reverse-sub- 
tracted' differential display reaction. To make the 're- 
verse-subtracted' probe, the subtractive hybridisation 
step of the ddRT-PCR procedure was carried out using 
the original tester cDNA as a driver and the driver as 
a tester. Probing and visualisation were carried out us- 
ing the ECL Direct Nucleic Acid Labelling and Detec- 
tion System (Amersham) according to the manufac- 
turer's instructions. Those clones which were positive 
for (a) but negative for (b), or showed a substantially 
larger positive signal with (a) compared to (b), were 
chosen for further analysis. 

DNA sequencing 

Positive clones as identified above were sequenced on 
an automated ABI DNA sequencer (Applied Biosys- 
tems, Warrington, UK). 
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Fig. 1 : (A) Subtractivc ddRT-PCR patterns obtained from rat liver following 3-day treatment with WY- 14,643 or phenobarbital. Lane 
1, 1 kb ladder, lane 2, genes up-regulated following Wy J 4-643 treatment; lane 3, genes down-regulated following 
Wy, 14-643 treatment; lane 4, genes up- regulated following phenobarbital treatment; lane 5, genes down-regulated following 
phenobarbital treatment; and lane 6, Ikb ladder. (B) Subtractive ddRT-PCR patterns obtained from rat liver showing relative 
changes when phenobarbital treated mRNA is subtracted from Wy- 14 ,643 -treated mRNA and vice- versa. Lane l f 1 kb 
ladder; lane 2, genes showing increased expression following Wy- 14,643 treatment compared to phenobarbital treatment; 
lane 3, genes showing increased expression following phenobarbital treatment compared to Wy- 14,643 treatment. See 
Materials and Methods for further details. 





Fig. 2 : Re-amplified ddRT-PCR products which were down-regulated following phenobarbital treatment (upregulated bands were also 
re-amplified but gel not shown). Individual DNA bands excised from gel of ddRTR-PCR reactions were extracted, 
re-amplified and run on agarose gels to confirm amplification of correct band (numbered). See Materials and Methods for 
further details. 
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Table I : Rat liver genes down-regulated by phenobarbital treatment 



\t\ppTOXUTuME. SIZE lii Op J 




Phenobarbital down-regulated 


/j i g/i «* sequ e/l i 


ce homology 


rA o 7, A -EM BL gen e tden tificanon 


1 /I C/V1Y 




95.3% 


Rat mRNA for 3-oxoacyl-CoA thiolase 


Z (1ZUU) 




92.3% 


Rat hemopoxin mRNA 


3 (1000) 




91.7% 


R mttus alpha-2u-globulin mRNA 


7 (700) 


Clone 1 


77.2% 


M. musculus mRNA for CI inhibitor 




Clone 2 


94.5% 


Rat electron transfer flavoprotein 




Clone 3 


91.0% 


Mouse topoisomerase 1 (Topo 1) mRNA 


8 (650) 


Clone 1 


86.9% 


Soares 2NbMT M. musculus (EST) 


• 


Clone 2 


96.2% 


Rat aJpna-2u-globu!in (s-type) mRNA 


9 (600) 


Clone 1 


86.9% 


Soares mouse NML M. musculus (EST) 


■ 


Clone 2 


82.0% 


Soares p3NMF19.5 M.muscufus (EST) 


10 (550) 




73.8% 


Soares mouse NML M. musculus (EST) 


11 (525) 




95.7% 


NCI_CGAP_Pr1 H. sapiens (EST) 


12 (375) 




100.0% 


R norvegicus mRNA for ribosomal protein 


13 (230) 


Clone 1 


97.2% 


Soares mouse embryo NbME135 (EST) 




Clone 2 


100.0% 


Rat fibrinogen B-beta-chain 




Clone 3 


100.0% 


Rat apolipoprotein E gene 


14 (170) 




96.0% 


Soares p3NMF19.5 M. musculus (EST) 


15 (140) 




97.3% 


Stratagene mouse testis (EST) 


Others: (300) 




96.7% 


R norvegicus RASP 1 mRNA 


(275) 




93.1% 


Soares mouse mammary gland (EST) 



EST = expressed sequence lag. 
Bands 4-6 were shown to be false positives by dotblot analysis and, therefore, not sequenced. 



Table I J : Rat liver genes up-regulated by phenobarbital treatment 



Band number 
(Approximate size in bp) 




Phenobarbital up-regulated 


Highest sequen ce 


homology 


FA ST A -EM BL gen e iden tification 


5 (1300) 




93.5% 


Rat cytochrome P450IIB1 


7 (1000) 




95.1% 


mRNA for rat preproalbumin 








Rat serum albumin mRNA 


8 (950) 




98.3% 


NCI_CGAP_Pr1 H. sapiens (EST) 


10 (850) 




95.7% 


Rat cytochrome P450IIB1 


11 (800) 


Clone 1 


94.9% 


Rat cytochrome P450IIB1 




Clone 2 


75.3% 


Rat cytochrome D450-L (D450IIB2) 


12 (750) 




93.8% 


Rat TRPM-2 mRNA 








Rat mRNA for sulfated glycoprotein 


15 (600) 




92.9% 


mRNA for rat preproalbumin 








Rat serum albumin mRNA 


16 (550) 


Clone 1 


95.2% 


Rat cytochrome P450IIB1 




Clone 2 


93.6% 


Rat haptoglobin mRNA partial alpha 


21 (350) 




99.3% 


R norvegicus genes lor 18S, 5.8S & 28S rRNA 



EST = expressed sequence tag. 
Bands 1-4, 6, 9, 13. 14 and 17-20 shown to be false positives by dotblot analysis and, therefore, not sequenced. 



t 
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Identification of differentially-regulated 
genes 

* Gene-sequences were identified using the FASTA pro- 
gramme (http^/www .ebi.ac.uk/htbin/fasta.py ?request) 
to search all EMBL databases for matching DNA se- 
quences. 

RESULTS 

Figure 1A3 shows the ddRT-PCR patterns of genes 
showing altered expression in rat liver following 3 day 
treatment with phenobarbital or Wy-14,643. Individual 
bands were isolated from the phenobarbitai-modulated 
patterns (both up- and down-regulated), re-amplified 
(Fig. 2), cloned, screened for false positives and then 
identified. Those xenobiotic-modulated gene products 
identified to date are listed in Tables I and II. 

DISCUSSION 

The advent of combinatorial chemistry has led to the 
synthesis of millions of new chemical compounds, 
many of which may be potentially useful in pharma- 
ceutical, agricultural or industrial applications. How- 
ever, whilst there are tests available for those posing a 
genotoxic activity, there remains no short-term assay 
able to identify those chemicals which may belong to 
the non-genotoxic group of carcinogens. 

We have used an adaptation of the subtractive hy- 
bridisation method - ddRT-PCR - to produce charac- 
teristic profiles or •fingerprints' of those genes which 
are up-regulated or down -regulated in male rat liver 
following acute exposure to test chemicals. The ddRT- 
PCR profiles are characteristic and unique for each of 
the 2 compounds studied to date. 

A number of those gene species showing altered 
expression following phenobarbital treatment have 
been cloned and identified (Tables I & II). It is inter- 
esting to note the presence of CYP2B2 in the up-regu- 
lated genes. This would, of course, be expected fol- 
lowing exposure to phenobarbital and serves as a posi- 
tive control for the method. Other genes which one 
might normally expect to be up-regulated do not ap- 
pear in the table. However, it should be noted that not 
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all bands seen on the differential display were ex- 
tracted and re-amplified due to their being too faint or 
too close to other bands to accurately excise. Further- 
more, it has been well documented [(5) and references 
therein] that a single band extracted from a differential 
display often represents a composite of heterogeneous 
products. We are currently examining new methods to: 
(i) improve resolution of the differential display pat- 
terns (including 2-D agarose gels); and (ii) distinguish 
those ddRT-PCR products which are identical in size, 
but different in sequence. 

Our future efforts will be directed towards deter- 
mining the extent of modulation of a number of the 
genes reported herein using semi-quantitative RT- 
PCR. This should reveal the extent of changes in ex- 
pression of key gene products which may be involved 
in non-genotoxic hepatocarcinogenesis and thus help 
increase understanding of this process. Furthermore, it 
is anticipated thai aligning ddRT-PCR profiles of dif- 
ferent non-genotoxic agents found in responsive and 
non-responsive species may enable identification of 
those genes which are mechanistically relevant to the 
non-genotoxic hepatocarcinogenic process. Accord- 
ingly, this approach lends itself well to the identifica- 
tion, characterisation and sub-classification of possible 
different classes of non-genotoxic carcinogens. 
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Abstract 

Understanding the genetic profile of a cell at all stages of normal and carcinogenic development should provide an 
essential aid to developing new strategies for the prevention, early detection, diagnosis and treatment of cancers. We 
have attempted to identify some of the genes that may be involved in peroxisome-proliferator (PP)-induced 
non-genotoxic hepatocarcinogenesis using suppression PCR subtractive hybridisation (SSH). Wistar rats (male) were 
chosen as a representative susceptible species and Duncan-Hartley guinea pigs (male) as a resistant species to the 
hepatocarcinogenic effects of the PP, [4-chloro-6-(2,3-xylidino)-2-pyrimidinylthio] acetic acid (Wy-1 4,643). In each 
case, groups of four test animals were administered a single dose of Wy-1 4,643 (250 mg/kg per day in corn oil) by 
gastric intubation for 3 consecutive days. The control animals received corn oil only. On the fourth day the animals 
were killed and liver mRNA extracted. SSH was carried out using mRNA extracted from the rat and guinea pig 
livers, and used to isolate genes that were up and downregulated following Wy-1 4,643 treatment. These genes 
included some predictable (and hence positive control) species such as CYP4A1 and CYP2C11 (upregulated and 
downregulated in rat liver, respectively). Several genes that may be implicated in hepatocarcinogenesis have also been 
identified, as have some unidentified species. This work thus provides a starting point for developing a molecular 
profile of the early effects of a non-genotoxic carcinogen in sensitive and resistant species that could ultimately lead 
to a short-term assay for this type of toxicity. © 2000 Elsevier Science Ireland Ltd. All rights reserved. . 

Keywords: Wy-14,643; Peroxisome proliferator; Non-genotoxic hepatocarcinogenesis; Suppression PCR subtractive hybridisation; 
RT-PCR; Rat; Guinea pig; Gene regulation; Differential gene display; Gene profiling 
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Introduction 

Hie advent of combinatorial chemistry and 
nputer-aided drug design has led to a recent 
surge in the number of chemical compounds 
it have potential therapeutic, agricultural and 
lustrial applications. Although it has been sug- 
ted that the contribution of synthetic chemicals 
the overall incidence of human cancer is low, 
re still remains an absolute requirement to 
Juate all new chemicals for toxic and carcino- 
id potential. The latter is one of the most 
>blematic areas of chemical safety evaluation 
] is usually carried out using short-term in vitro 
1 in vivo genotoxicity assays augmented by 
onic bioassay tests. The short-term assays have 
>ved useful in the early identification of poten- 
genotoxic carcinogens, but their value is lim- 
I by observations that suggest that 
>roximately 60% of chemicals identified as car- 
Dgens in life-exposure studies produce mainly 
ative findings in short-term genotoxcity tests 
hby, 1992; Parodi, 1992). Thus, there is cur- 
tly no reliable and rapid means of evaluating 
carcinogenic risk of new chemicals that fall 
> this latter group of compounds, termed non- 
otoxic (or epigenetic) carcinogens. 
)ne approach to addressing this problem is to 
:idate the molecular mechanisms by which 
•wn non-genotoxic carcinogens act. It should 
i be possible to identify common factors/ 
:hanisms that can serve as early biomarkers of 
:inogenic potential for new chemicals. To this 
, a large number of groups have reported on 
various effects of non-genotoxic compounds 
various animal species (Marsman et al., 1988; 
:e et al., 1993; Cattley et ah, 1994; Hayashi et 
1994; Human and Experimental Toxicology, 
4; Anderson et al., 1996). However, the mech- 
tic picture is still far from complete with many 
hose genes involved in the carcinogenic pro- 
remaining unknown, and their identification 
efore remains a key goal in elucidating the 
scular mechanisms by which non-genotoxic 
inogenesis occurs. 

jbtractive hybridisation (SH) and related tech- 
nics such as representational difference analy- 
(RDA) (Hubank and Schatz, 1994) and 



differential display (DD) (Liang and Pardee, 
1992) can be used to aid the isolation of genes 
showing altered expression in target tissues fol- 
lowing exposure to a chemical stimulus. These 
techniques can also be used to identify differential 
gene expression in neoplastic and normal cells 
(Liang et al., 1992), infected and normal cells 
(Duguid and Dinauer, 1990), differentiated and 
undifferentiated cells (Sargent and Dawid, 1983; 
Guimaraes et al., 1995), activated and dormant 
cells (Gurskaya et al., 1996; Wan et al., 1996), 
different cell types (Hedrick et al., 1984; Davis et 
al., 1984) amongst others. Most importantly, us- 
ing such approaches, no prior knowledge of the 
specific genes that are upregulated/downregulated 
is required. 

Using a variation of SH, termed suppression- 
PCR subtractive hybridisation (SSH) (Diatchenko 
et al, 1996), we have previously reported the 
isolation of a number of genes showing altered 
expression in male rat liver following acute expo- 
sure to phenobarbital (Rockett et al., 1997). In 
the current work we have used the same experi- 
mental approach to isolate genes that are differen- 
tially expressed in the livers of male rats and 
guinea pigs following short-term (3-day) exposure 
to the peroxisome proliferator (PP) and non- 
genotoxic hepatocarcinogen, Wy-14,643. We have 
isolated and identified a number of gene species, 
some of which may be important in the induction 
of, or protection against, non-genotoxic 
hepatocarcinogenesis. 

2. Materials and methods 

2.1. Animals and treatment 

All animal experiments were undertaken in ac- 
cordance with Her Majesty's Home Office De- 
partment guidelines under the auspices of 
approved personal and project licences. Male 
Wistar rats (150-200 g) and male Duncan-Hart- 
ley guinea pigs (250-300 g) were obtained from 
Kingman and Bantam (Hull, UK). Upon receipt, 
both groups were randomly assigned into two 
groups of four. They were maintained on a rat, 
mouse or guinea pig standard diet (B&K Univer- 
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sal, Hull) and a daily cycle of alternating 12-h 
. periods of dark and light. The room temperature 
was maintained at 19°C and a relative humidity of 
55%. The animals were acclimatised to this envi- 
. ronment for 7 days before treatment commenced. 
[4-chloro-6-(2,3-xylidino)-2-pyrimidinylthio] acetic 
acid (Wy- 14,643, Campo, Emmerich; 250 mg/kg 
per day in corn oil) was administered by gavage 
to the treated groups of rats and guinea pigs on 3 
consecutive days, whilst control groups received 
an equal volume of corn oil only. During this 
time, all animals had free access to food and 
water. The animals were killed by cervical disloca- 
tion on the fourth day, and their livers immedi- 
ately excised, weighed, sliced into approximately 
0.5-cm cubes, snap frozen in liquid nitrogen and 
stored at - 70°C. 

22. mRNA extraction 

Approximately 0.25 g of each frozen liver sam- 
ple was ground under liquid nitrogen using a 
mortar and pestle. Messenger RNA was extracted 
from the ground liver using the PolyATtract® 
System 1000 kit (Promega, Madison, USA) ac- 
cording to the technical manual provided by the 
manufacturers. The mRNA was DNase-treated 
(RQ Rnase-free Dnase, Promega, final concentra- 
tion 10 U/ml) before phenol/chloroform extrac- 
tion and ethanol precipitation. The mRNA was 
redissolved at a final concentration 500-1000 ng/ 
Hi. 

23, cDNA Subtraction 

This was carried out using the PCR-Select™ 
cDNA Subtraction Kit (Clontech, Palo Alto, 
USA) according to the manufacturer's instruc- 
tions. Subtractions were carried out with mRNAs 
derived from single animals. The mRNA from the 
remaining three animals in each group was later 
used for quantitative RT-PCR analysis of specific 
genes. 

2.4. Band extraction and cloning 

The secondary PCR reactions from the cDNA 
subtraction procedure were run on a 2% 



Metaphor agarose gel (FMC, Rockland, USA) 
containing 0.5 ^g/ml ethidium bromide (Sigma, 
Dorset, UK). One times TAE (0.04 M Tris-ac- 
etate, 0.001 M EDTA) was used to prepare the gel 
and as the running buffer. After running for 6-7 
h at 3.75 V/cm, the gel was overstated for 30 min 
with SYBR Green I DNA stain (FMC, 1:10000 
dilution in 1 x TAE). Each discernible band of 
the differential display pattern was extracted from 
the gel with a scalpel and the DNA eluted using a 
Genelute™ agarose spin column (Supelco, Belle- 
fonte, USA). Five microlitres of the eluted DNA 
was reamplified using the original nested (sec- 
ondary) PCR primers supplied with the PCR-Se- 
lect™ cDNA subtraction kit. The PCR products 
were electrophoresed on a 2% standard agarose 
gel (Boehringer Mannheim, East Sussex, UK) and 
the reamplified target bands extracted from the 
gel as above. The eluted DNA was immediately 
ligated into a TOPO TA Cloning® vector (Invitro- 
gen, Carlsbad, USA) before transformation in 
Escherichia coli TOPI OF 5 One Shot™ cells 
(Invitrogen). 

2.5. Colony screening 

2.5.1. Stage I 

Eight transformed (white) colonies from each 
band were grown up for 6 h in 200 |il LB broth 
containing ampicillin (Sigma, 50 mg/ml). One mi- 
crolitre of this was subjected to PCR using the 
same conditions and nested primers as described 
above. One tenth (2 of the completed PCR 
reaction was electrophoresed on a 2% standard 
agarose gel and one tenth on a 2% standard 
agarose gel containing HA red (Hanse Analytik 
GmbH, Bremen, Germany, 1 U/ml) to discern the 
differentially cloned products. The remainder of 
the PCR reaction was used to prepare duplicate 
dotblots on Hybond N + membranes (Amersham, 
Little Chalfont, UK). 

25:2. Stage II 

The duplicate dotblots were probed with (a) the 
final differential display reaction and (b) the. 're- 
verse-subtracted 5 differential display reaction. To 
make the 'reverse-subtracted' probe, the subtrac- 
tive hybridisation step of the differential display 
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T-PCR procedure was carried out using the 
riginal tester (treated) mRNA as the driver and 
ie original driver (control) mRNA as the tester, 
robing and visualisation were carried out using 
ie ECL direct nucleic acid labelling and detec- 
on system (Amersham, Little Chalfont, UK) ac- 
xding to the manufacturer's instructions. Those 
ones that were positive for (a) but negative for 
>), or showed a substantially larger positive sig- 
al with (a) compared to (b), were selected for 
>NA sequence analysis. 

6. DNA sequencing 

The remainder of the cultures (prepared in 
age I screening) containing different cloning 
roducts (as discerned in the two screening steps) 
ere grown up overnight in 5 ml LB broth con- 
:ining ampicillin (50 mg/ml). A plasmid miniprep 
as prepared from each (Wizard Pius SV 
linipreps DNA purification system, Promega) 
xording to the manufacturer's instructions. The 
oned inserts were sequenced on an automated 
BI DNA sequencer (Applied Biosystems, War- 
ngton, UK) using the Ml 3 forward primer 
jTAAAACGACGGCCAGT) or M13 reverse 
•irner (AACAGCTATGACCATG). 

7. Identification of differentially regulated genes 

Gene sequences thus obtained were identified 
;ing the FASTA 3.0 programme (Lipman and 
sarson, 1985; Pearson and Lipman, 1988) (http:/ 
/ww.ddbj.nig.acjp/E-mail/homology.html) to 
arch all EMBL databases for matching DNA 
quences. Each clone sequence was submitted in 
e forward and reverse direction, and the one 
turning the highest statistical probability of 
atch to a known sequence was noted. Sequence 
unologies between our submitted clone sequence 
id the queried database sequence were deter- 
ined (by FASTA) over a region of at least 60 
ise pairs. 

8. RT-PCR analysis of selected candidate genes 

cDNA sequences of the target genes were ob- 
ined from the NIH gene database (GenBank at 
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http://www.ncbi.nlm.nih.gov/Web/Search/index. 
html) and the computer programme gene 
jockey (BioSoft, Cambridge, UK) used to select 
primer pairs from these sequences. Where guinea 
pig sequences were available, rat and guinea pig 
sequences were aligned and primers chosen from 
regions of homology. If guinea pig sequences were 
not available, rat and human sequences were 
used. In cases where exact homology could not be 
found, the sequence from the rat was used. In the 
case of CD81 only, no rat or guinea pig sequences 
were available and so mouse and human se- 
quences were aligned and a primer pair chosen 
from a region of homology. Primers (obtained 
from Gibco-BRL, Paisley, UK) were dissolved at 
a concentration of 50 pmol/|il in sterile distilled 
water and stored at — 20°C The primer pairs 
used plus other reaction parameters are shown in 
Table 1. mRNA was extracted (as described 
above) from all four treated animals and from 
three animals in the control group. Integrity of 
the eluted mRNA was confirmed on a 2% agarose 
gel, and the concentration and purity were mea- 
sured using a Genequant II spectrophotometer 
(LKB, Bromma, Sweden) and then diluted to 10 
ng/nl. One microlitre of this latter solution was 
used per RT-PCR reaction. 

RT-PCR was carried out in a single tube (50 |il) 
reaction using the Access RT-PCR system 
(Promega) according to manufacturer's instruc- 
tions. In the kinetic and quantitative analyses, 
omission of RNA was used as a control for the 
presence of any contaminating DNA. After ob- 
taining a PCR signal of the correct size and 
optimising the reaction conditions, each PCR 
product was digested with between two and four 
separate restriction enzymes. Specific restriction 
patterns were thus obtained, which further confi- 
rmed the identity of the PCR products as being 
the original target genes. Kinetic analysis (14-32 
cycles) was then performed in each case to deter- 
mine the location of the mid-log phase. 

For the semi-quantitative analysis of each 
target gene, RT-PCR reactions were carried out in 
triplicate for each sample to reduce the effect of 
intertube RT-reaction variations (Kolls et al., 
1993) and pipetting errors. For each gene, a mas- 
termix containing enough reagents for three times 
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the number of samples (seven for rat, six for 
guinea pig) was prepared except that mRNA was 
omitted, the latter being added after aliquoting 49 
\x\ of the mastermix into an appropriate number 
of tubes. Amplification of albumin (the reference 
gene) was carried out in separate tubes since the 
mid-log phase of this gene is at a much lower 
cycle number than the target genes due to its high 
abundance. All RT-PCR products were analysed 
on 2% agarose gels containing 0.5 jig/ml ethidium 
bromide. The target gene samples were loaded on 
the gel first and run in at 3 V/cm for 10 min. The 
corresponding albumin samples were then loaded 
and the gel run for a further 1/2 h. In this way, all 



RT-PCR products from each target gene and 
albumin from the corresponding samples could be 
run on the same gel. Gels were photographed 
using type 665 posi-neg film (Sigma) and quanti- 
tation of the band intensity was carried out using 
a dual wavelength flying spot laser scanner densit- 
ometer (Shimadzu). 

2,9. Statistical analysis 

Statistical analysis of unpaired samples was car- 
ried out using the two-tailed Student's /-test. Val- 
ues were considered statistically significant at 
P < 0.05 or less. 



L 1 2 




' ' ::: "* : * lllli 



L 1 2 



B 



Fie. 1. Final displays of differentially expressed genes that 
were (!) upregulated and (2) downregulated in rat (A) and 
guinea pig (B) livers following 3-day treatment with Wy- 
14,643. mRNA extracted from control and treated livers was 
used to generate the differential displays using the PCR-Select 
:DNA subtraction kit (Clontech). Lane (L) is a 1 Kb DNA 
Ladder standard and 10 ul of secondary PCR reaction were 
loaded in all other lanes. 



3. Results 

3. L Cloning and screening of transcripts 

For both the rat and guinea pig experimental 
groups, cDNA subtraction was carried out in the 
forward (control driving tester) and reverse (tester 
driving control) directions to isolate both upregu- 
lated and downregulated mRNA species respec- 
tively. Using a standard primary hybridisation 
time of 8 h we obtained a substantial amount of 
non-specific products in all the final differential 
displays (data not shown). This background 
smearing was almost completely removed by re- 
ducing the primary hybridisation time to 4 h 
(CLONTECHniques, 1996). Fig. 1 shows the 
ddRT-PCR patterns of genes showing altered ex- 
pression in rat and guinea pig liver following 
3-day treatment with Wy-14,643. The profiles are 
unique for each species, and in each case the 
profile for the upregulated genes (control mRNA 
driving tester mRNA) is different to that obtained 
for the downregulated genes (tester mRNA driv- 
ing control mRNA). 

The practical outcome of the SSH method is 
that a series of differentially expressed genes is 
observed as a ladder on an agarose gel. The 
majority of these gene fragments fall within the 
150-2000 bp range, with bands up to 5 Kbp 
occasionally being observed. Each band may the- 
oretically consist of one or more products of 
similar size, as the gel has a maximum resolution 
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Fig. 2. Discrimination of different ddRT-PCR products having 
the same molecular size using HA-red. Gel (A) is a 2% 
standard agarose gel. Gel (B) is a 2% standard agarose gel 
containing 1 U/ml HA-red. Band numbers refer to the sequen- 
tial bands (largest to smallest) extracted from the original 
display of genes upregulated in rat liver following 3-day treat- 
ment with Wy- 14,643. Ten micorlitres of each PCR reaction 
were loaded per lane. 



of approximately 1.5% (3 bp per 200). In addi- 
tion, there may be two or more products that are 
the same size, but have a different sequence. 



Therefore some form of discrimination must be 
employed to isolate as many of these products as 
possible. HA-red screening (Geisinger et ah, 1997) 
of a number of clones derived from each band 
provided a means to discriminate between differ- 
ent gene species of the same size. A typical exam- 
ple of such a gel is shown in Fig. 2. In total, 88 
and 48 apparently different clones were obtained 
from the final differential expression patterns of 
upregulated and downregulated rat genes, respec- 
tively. Sixty nine and 89 apparently different 
clones were obtained from the final differential 
expression patterns of the upregulated and down- 
regulated guinea pig genes, respectively. 

Having identified as many different candidate 
gene products as possible in the screening step I, a 
second screening step was carried out on every 
clone to confirm those that represented true dif- 
ferentially expressed genes. This is necessary since 
no subtraction technique is 100% efficient. The 
approach we used, termed PCR-select differential 
screening (as recommended in Clontech's PCR-se- 
lect cDNA subtraction kit protocol), utilises the 
forward and reverse subtractions as an aid to 
screening for the true differentially expressed 
genes (CLONTECHniques, 1997). Because these 
probes have already undergone subtraction, they 
have been enriched for differentially expressed 
genes and are therefore more sensitive than un- 
subtracted driver/tester cDNA probes for detect- 
ing true differential expression. All the clones that 
were isolated from each display were dotblotted 
and probed with the display from which they was 
obtained, plus the corresponding reverse-sub- 
tracted display. An example of such a blot is 
shown in Fig. 3. Clones corresponding to authen- 
tic differentially expressed mRNAs hybridised 
with the subtracted cDNA probe, but not the 
reverse-subtracted probe. We also included in the 
authentic positives, those clones that gave a sub- 
stantially greater signal with the subtracted probe 
compared to the reverse-subtracted probe. False 
positives hybridised with either both probes or 
with neither probe. Of the original 88 upregulated 
and 48 downregulated rat clones selected for this 
screening step, 28 (32%) and 15 (31%) respec- 
tively, were found to be true positives. In the rat, 
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I (100%) of the true positive upregulated genes 
able 2) and 11 (73%) of the true positive down- 
gulated genes (Table 3) were non-redundant. Of 
e original 69 upregulated and 89 downregulated 
linea pig clones selected for this screening step, 
! (70%) and 37 (42%) respectively, were found to 
: true positives. Thirty six (75%) of the upregu- 
ted genes (Table 4) and 33 (89%) of the down- 
gulated genes (Table 5) were non-redundant. 

2. Identification of clones 

On sequence analysis it was found that some 
Dnes were unsequencable in the first instance 
113 forward primer) due to long polyA runs 
at appeared to prematurely terminate the se- 
lencing reaction. These clones were therefore 
sequenced from the opposite direction using the 
13 reverse primer. Those xenobiotic-modulated 
ne products identified to date are listed in Ta- 
*s 2 and 3 (rat) and Tables 4 and 5 (guinea pig). 




. 3. Dot blots of clones of putative upregulated gene species 
a ted from guinea pig liver following 3-day treatment with 
-14,643. All clones identified in the stage I screening step 
methods) were blotted and probed with (A) the differen- 
display from which they originated (control driving 
ted) and (B) the reverse subtraction (treated driving con- 
). Arrows indicate some of the true differentially expressed 
les. 



Table 2 

Identification of genes that were upregulated in male rat liver 
following 3-day treatment with WY- 14,643 



FASTA-EMBL gene Accession No. Sequence 
identification (rat un- homology* (%) 

less otherwise stated) 



Carnitine octanoyl 


RN26033 


99 


transferase 






NCI_CGAP_Lil (H. 


HS 1275949 


98 


sapiens) (EST b ) 






Peroxisomal enoyl 


RN08976 


98 


hydratase-like 






protein 






Liver fatty acid bind- 


V01235 


96 


ing protein 






Soares mouse 


AA038051 


96 


p3NMFI9.5 M. 






musculus cDNA 






clone 






Cytochrome 


RNCYPLA 


94 


p450IVAl 






Mit. 3-hydroxyl-3- 


RNHMGCOA 


94 


methylglutaryl 






CoA synthase 






Rabgeranylgeranyl 


RNRABGERA 


94 


transferase compo- 






nent B 






Genes for 18S, 5.8S, 


RNRRNA 


94 


and 28S ribosomal 






RNAs 






Carnitine acetyl 


MMRNACAR 


92 


transferase (mouse) 






Soares mouse NML 


MM1157113 


92 


(EST) 






Bone marrow stromal 


AA545726 


92 


fibroblast {H. sapi- 






ens) cDNA clone 






HBMSF2E4 (EST) 






7.5dpc embryo 


AA408192 


92 


(mouse) (EST) 






Alpha- 1 -macroglobu- 


RNALPH1M 


91 


lin 






Transferrin 


RNTRANSA 


91 


Lecithin:cholesterol 


RNU62803 


90 


acyltransferase 






Zn-a2-glycoprotein 


RNZA2GA 


90 


Serum albumin 


RNJALBM 


89 


Fructose- 1 ,6-bisphos- 


RNFBP 


88 


phate 1-phospho- 






hydrolase 






Soares mouse 


A A 124706 


88 


melanoma (EST) 






(S c ) 






Soares mouse 


AA 154039 


88 



3NbMS (EST) 
<AS C ) 
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Table 2 (Continued) 



FASTA-EMBL gene 
identification (rat un- 
less otherwise stated) 



Accession No. 



Sequence 
homology 3 (%) 



17-P-hydroxsteroid de- 
hydrogenase 

Soares mouse 
p3NMF19.5 (EST) 

Peroxisomal enoyl- 
CoArhydratase -3- 
hydroxyacyl CoA 
bifunctional enzyme 

Integral membrane 
protein, TAPA-1 
(CD81) (mouse) 

Soares mouse lymph 
node (EST) 

H. sapiens (clone 
zap!28) mRNA 

Lysophospholipase ho- 
mologue (human) 

Soares mouse lymph 
node (EST) 



RN17BHDT2 

AAO38051 

RNPECOA 



87 
87 
85 



S45012 

MMAA88445 
L40401 
HSU67963 
AA2 1 7044 



81 

81 

76 
76 
74 



a Refers to the nucleotide sequence homology between the 
cloned band isolated from the differential display and the 
corresponding gene derived from the EMBL gene sequence 
bank. 

b EST is 'expressed sequence lag' — a gene of as yet 
unknown identity and function. 

c Where sequence homologies were equal in both directions 
of the isolated band, both the sense (S) and antisense (A) 
identities are given. 



Table 3 

Identification of genes that were downregulated in male rat 
liver following 3-day treatment with Wy- 14,643 



FAST-EMBL gene 
identification (rat un- 
less otherwise stated) 



Accession No. Sequence 

homology 11 (%) 



NCI_CGAP_Lil IH. 
sapiens) (EST b )(S c ) 

NCI_CGAP_Prl (H, 
sapiens) (EST)(AS C ) 

UDP-glucuronosyl- 
transferase 
(UGT2B12) 

Complement compo- 
nent c3 

Soares mouse pla- 
centa (S) 

Ape (chimpanzee) 28S 
rRNA (AS) 

Rat CYP2C11 

Ribosomal protein S5 

Transthyretin 

Contrapsin-like 
protease inhibitor 

Prostaglandin F2a (S) 

P-2-microglobulin 
(AS) 

Apolipoprotein C-III 
Parathymosin-alpha 

(zinc2 + -binding 

protein) 



AA484528 99 

AA469320 99 

RN06273 98 

RNC3 96 

AA023305 96 

PTRGMC 96 

RNCYPM 1 95 

RNRPS5 94 

RNTTHY 94 

RNCCP23 89 

RN26663 84 

RNB2MR 84 

RNAPOA02 82 

RN11ZNBP 75 



" Refers to the nucleotide sequence homology between the 
cloned band isolated from the differential display and the 
corresponding gene derived from the EMBL gene sequence 
bank. 

b EST is 'expressed sequence tag* — a gene of as yet 
unknown identity and function. 

c Where sequence homologies were equal in both directions, 
both the sense (S) and antisense (A) identities are given. 



In all cases, both the forward and reverse se- 
quence of the target clones were analysed and the 
gene having the highest statistical homology 
noted: 

3.3. RT-PCR analysis of selected clones 

The results of a typical RT-PCR semi-quantita- 
tion experiment for transferrin in the rat is given 
in Fig. 4 and the results for a total of 12 selected 
genes in both the rat and guinea pig are shown in 
Table 6. 



4. Discussion 

It is now apparent that all cancers arise from 
accumulated genetic changes within the cell. Al- 
though documenting and explaining these changes 
presents a formidable obstacle to understanding 
the different mechanisms of carcinogenesis, the 
experimental methodology is now available to 
begin attempting this difficult challenge. In order 
to begin the elucidation of the molecular mecha- 
nisms involved in non-genotoxic hepatocarcino- 
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iesis, we have used SSH to identify a number of 
les that are upregulated or downregulated in 
tie rat and guinea pig livers following short 
m exposure to the PP, Wy- 14,643. We have 
id the rat model to represent a species suscepti- 
: to the non-genotoxic carcinogenic effect of 
s and the guinea pig as a resistant species 
rton et al., 1984; Rodricks and Turnbull, 1987; 
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Lake et al., 1989; Makowska et al., 1992; Lake et 
al, 1993). 

Gurskaya et al. (1996), who originally devel- 
oped the SSH technique, cloned the products of 
the secondary PCR reaction and screened a small 
number of randomly selected colonies for differ- 
entially expressed clones using northern hybridisa- 
tion. However, we decided against this approach 



)le 4 

ntification of genes that were upregulated in male guinea pig liver following 3-day treatment with WY-14,643 

STA-EMBL gene identification (guinea pig unless otherwise stated) Accession No. Sequence 

homology" (%) 



boxylesterase 


ABO 10634 


97 


implement C3 protein (GPC3) 


M 34054 


97 


osolic aldehyde dehydrogenase (sheep) 


U12761 


92 


alase (human) 


X04076 


89 


ochondrial aspartate aminotransferase (pig) 


M11732 


89 


neation factor-1 -alpha (rabbit) 


X62245 


88 


I CGAP_Br2 H. sapiens cDNA clone (EST) (Similar to chick mil. phosphoenolpyru- 


AA587436 


■87 


ate carboxykinase) 






ha-l-antiproteinase S 


M57270 


83 


"ormyltetrahydrofoiate dehydrogenase (rat) 


M59861 


83 


osomal protein L6 (rat) 


X87107 


83 


res pregnant uterus Nb (EST) (mouse) 


A A 156847 


83 


ochondrial citrate transport protein (human) 


L77567 


80 


oplasmic chaperonin hTRiCS (human) 


U17104 


80 


•ha-l-antiproteinase F 


M57271 


77 


erogeneous nuclear ribonuclearprotein cl/c2 (human) 


D28382 


77 


res parathyroid tumour (EST) (similar to human serum albumin precursor) 


AA860651 


76 


itagene mouse kidney (EST) 


AA107327 


75 


res parathyroid tumour NbHPA human cDNA (EST) 


AA860653 


74 


res mouse mammary gland (EST) 


AA6 19297 


74 


NA clone 15 004 (EST) (human) 


H01826 


74' 


res senescent fibroblasts (EST) (mouse) 


W52190 


74 


proalbumin (human) 


E043 1 5 


72 


NA clone 73 169 (EST) (human) 


T56624 


72 


imin D-binding protein (human) 


L10641 


71 


)H gene (exon 8) (human) 


Y 11498 


71 


IL flow sorted chromosome 


B05457 


71 


res foetal liver spleen (EST) (mouse) 


AA009524 


71 


res foetal heart NbMH19W (EST) (mouse) 


AA00942 1 


69 


res foetal heart NbHH19W H. sapiens cDNA clone (EST) 


W94377 


67 


nylalanine hydroxylase (human) 


U49897 


67 


line-5-carboxylate dehydrogenase (human) 


U24266 


66 


tathione-5-transferase homologue (human) 


U90313 


65 


l_CGAP_GCBI (EST) (human) 


AA769294 


65 


tective protein (human) 


M22960 


64 


ne 27 375 (EST) (human) 


N37046 


62 


tagene colon ( # 937 204) H. sapiens cDNA clone (EST) 


AA149777 


62 



Refers to the nucleotide sequence homology between the cloned band isolated from the differential display and the correspond- 
gene derived from the EMBL gene sequence bank. 
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.Table 5 

. Identification of genes that were downregulated in male guinea 
pig liver following 3-day treatment with WY- 14,643 

FASTA-EMBL gene Accession No. Sequence 
- identification (guinea homology 8 (%) 

pig unless otherwise 
stated) 



Complement C3 


M34054 


97 


protein 


D84339 


95 


Murinoglobulin 


Alpha-l-an- 


M57271 


88 


tiproteinase F 




89 


Elongation factor-al- 


X62245 


oha- 1 (rabbit) 






Coupling protein G 


X04409 


88 


(human) 






NCI_CGAP_Ovl 


A A 586309 


87 


(EST b ) (human) 


D13668 


85 


Lecithin xholesterol 


acetyl transferase 






(rabbit) 


X00270 


84 


Aldolase B (human) 


Anti-thrombin III 


E00116 


80 


(human) 






Phenylalanine hy- 


K03020 


80 


droxylase (human) 






Inter-a-trypsin in- 


D38595 


79 


hibitor (human) 






Normalised rat mus- 


A A 849753 


78 


cle (EST) (S c ) 






Normalised rat ovary 


AA801059 


7 * 


(EST) (AS C ) 






Complement factor 


X00284 


77 


Ba fragment (hu- 






man) 






Dihydrodiol dehydro- 


U05598 


76 


genase (human) 






Spot 14 gene (thyroid- 


Y08409 


75 


inducible hepatic 






protein)(human) 






BAC clone 174pl2 


AC004236 


75 


(human) 






Mitochondrial alde- 


X05409 


74 


hyde dehydroge- 






nase (human) 






Preproalbumin (hu- 


E04315 


74 


man) 






NCI_CGAP_Pr9 


AA533142 


74 


(EST) (human) (S) 






Normalised rat pla- 


AA851197 


74 


centa (EST) (AS) 






Heparin sulfate pro- 


J04621 


73 


teoglycan (human) 






cDNA clone 33 992 


R24330 


73 


(EST) (human) 
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Table 5 (Continued) 



FASTA-EMBL gene Accession No. Sequence 
identification (guinea homology* (%) 

pig unless otherwise 
stated) 



Retinol dehydrogenase U33501 ' 71 

(rat) 

TAPA-1 integral mem- S45012 71 

brane protein 

(CD81) (mouse) 
Complement compo- M35525 70 

nent c5s 

Apolipoprotein B (pig) LI 1235 69 
cDNA clone 143 918 R76742 68 

(EST) (human) 
a-fibrinogen (human) K02569 68 
Soares foetal liver. W03726 68 

spleen INF (mouse) 
Barstead bowel (EST) AA232049 67 

(mouse) 

UDP glucuronosyl AF0309137 66 

transferase (cat) 
Myeloid leukaemia cell L08246 65 

differentiation 

protein (MCL-1) 

(human) (S) 
STS SHGC-34 987 (hu-G27984 65 

man) (AS) 

Soares mouse AA222798 64 

3NME125 

Stratagene mouse em- AA 199420 64 

bryonic (EST) (S) 
Rad 52 (mouse) AF004854 63 

a Refers to the nucleotide sequence homology between the 
cloned band isolated from the differential display and the 
corresponding gene derived from the EMBL gene sequence 
bank. 

b EST is 'expressed sequence tag' — a gene of as yet 
unknown identity and function 

c Where sequence homologies were equal in both directions, 
boththe sense (S) and antisense (A) identities are given. 

for several reasons: (1) the kinetics of ligation and 
transformation favour the isolation of smaller 
PCR products, thereby producing a misrepresen- 
tation of larger gene products; (2) northern blot 
analysis is notoriously insensitive and is unlikely 
to confirm expression of rare transcripts; (3) there 
is no measurable end point to the screening of 
clones produced in this way other than to analyse 
every transformed colony. We used instead an 
alternative approach; after running out the differ- 
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:ntial display on a high-resolution agarose gel 
Fig. 1) and overstaining with SYBR Green I to 
:nhance visualisation, the composite bands were 
ndividually extracted, reamplified and cloned, 
iowever, it has been well documented that single 
>ands from differential displays often contain a 
leterogeneous mixture of different products 
Mathieu-Daude et al'., 1996; Smith et al., 1997). 
fhis is because polyacrylamide gels cannot dis- 
ximinate between DNA sequences that differ in 
ize by less than about 0.2% (Sambrook et al, 
989). High-resolution agarose gels such as those 
ised in this work are even less sensitive, normally 
>nly discriminating products that differ in size by 
.t least 1.5%. The use of the HA-red screening 
tep enables resolution of identical or nearly iden- 
ical sequences based on their AT content (Wawer 
t al., 1995) and is sensitive down to < 1% differ- 
nce. Furthermore, it is rapid, technically simple 
nd does not require the use of radiolabels. 
jeisinger et aL (1997) originally demonstrated the 
isefulness of using HA-red to identify different 
iroducts cloned from the same band of an RNA 
lifferential display experiment by simultaneously 
unning them in normal agarose (to discriminate 
•y size) and in normal agarose containing HA-red 
to discriminate by AT content). We have found 
hat this approach is equally useful for identifying 
.ifferent gene species cloned from the same band 
■f our SSH display. 

Diatchenko et al. (1996) reported that SSH is 
tighly efficient at producing differentially ex- 
>ressed gene species. However, we also included a 
econd screening step to further confirm that the 
lones isolated from the differential display were 
ideed differentially expressed. Duplicate dotblots 
»f the candidate clones were blotted with the 
iisplay from which they were originally isolated 
nd with the 'reverse subtraction' display. To 
lake the reverse-subtracted probe, the subtractive 
ybridisation step of the procedure was carried 
«ut using the original tester cDNA as a driver, 
nd the original driver cDNA as a tester. In this 
/ay, clones that are false positives can be iden- 
tfied through their presence in both blots. Such 
alse positives most commonly arise through hav- 
ig a very high abundance in the initial sample or 
nusual hybridisation properties (Li et al., 1994). 



Although the SSH method itself has been 
shown to be efficient, and despite the screening 
step that we included, there is an important caveat 
to bear in mind — namely that it is important 
that all clones be considered only as 'candidates 1 
until the actual abundance of their mRNA is 
quantitated in treated and control samples. To- 
wards this end, we examined the expression of a 
limited number of clones using semi-quantitative 
RT-PCR. Albumin was used as the reference eene 
as we have previously found that the expression 
of this gene does not appear to change with the 
treatment regime that we used (Fig. 4, and data 
not shown). There are a number of interesting 
points to note from our results. The first is the 
presence of genes that serve as appropriate posi- 
tive controls in the upregulated and downregu- 
lated series. For example, in the rat it can be seen 
that CYP4AI expression increases 14-fold follow- 
ing treatment. Although CYP4AI mRNA expres- 
sion levels following WY-14,643 treatment have 
not been previously reported in this model, the 
figure compares favourably with that recorded by 
Bell et al. (1991), who used RNAse-protection to 
quantitate CYP4A1 in rat liver following treat- 
ment with methylclofenapate, another PP. In ad- 
dition, we also confirmed that the peroxisomal 
enoyl-CoA:hydratase-3-hydroxyacyl-CoA Afunc- 
tional enzyme is also upregulated 9-fold, in agree- 
ment with the findings of Chen and Crane (1992). 

A number of genes were downregulated follow- 
ing Wy-14,643 exposure, including CYP2C11 ex- 
pression. Corton et al. (1997) reported similar 
findings and suggested that this may in part ex- 
plain why male rats exposed to Wy-14,643 and 
some other PPs have high serum estradiol levels, 
as estradiol is a substrate for CYP2C11. We have 
also shown that the expression of contrapsin-like 
protease inhibitor (CLPI) was downregulated by 
Wy-14,643. This has not previously been reported, 
and we suggest that it may be linked to a require- 
ment for increased availability of amino acids to 
accommodate the hepatomegaly induced by treat- 
ment. Although little is known of the function of 
parathymosin-a. (zinc 2 + -binding protein) it has 
been shown to interact with the globular domain 
of histone HI, suggesting a role in histone func- 
tion (Kondili et al., 1996). In contrast to the 
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Albumin 
Transferrin 



Albumin 
Transferrin 




Fig. 4. Semi-quantitative RT-PCR experiment showing relative decrease in expression of transferrin in treated rat liver (RT-1 to 
RT-4) compared to controls (RC-I to RC-3). An equal amount of mRNA was used in each reaction (10 ng), and each sample was 
quantitated in triplicate to reduce the effects of inter-tube variation. N is negative control (no mRNA). Lane M is a 100 bp ladder 
and lane L is a 1 Kb DNA ladder. 



downregulation observed in this work, other stud- 
ies have shown that parathymosin-a expression is 
elevated in breast cancer (Tsitsilonis et al., 1993, 
1998), with the implication that parathymosin-a 
may somehow be involved in regulating cell pro- 
liferation by more than one mechanism. Transfer- 
rin has previously been shown to be 
downregulated in rat liver by hypolipidemic PPs 
(Hertz et al. s 1996). It is therefore interesting to 
note that we isolated a clone identified as transfer- 
rin from the upregulated display profile. Since we 
confirmed by RT-PCR that transferrin is in fact 
downregulated in the rat (Fig. 4), we conclude 
that transferrin was either a false positive or was 
incorrectly identified. It could also be that we 
have isolated a close relative, splice variant or 
isoform of transferrin, which demonstrates a dif- 
ferent expression profile under these experimental 
conditions. Further investigations are therefore 



required to determine which of these possibilities 
are correct. 

One of our most intriguing observations was 
that one gene, CD81, appeared to be upregulated 
in rat liver but downregulated in guinea pig liver 
following Wy-14,643 exposure. CD81 is a widely 
expressed cell surface protein that is involved in a 
large number of cellular functions, including ad- 
hesion, activation, proliferation and differentia- 
tion (reviewed by Levy et al., 1998). Since all of 
these functions are altered to some extent in car- 
cinogenesis, it is perhaps an important observa- 
tion that CD81 expression is differentially 
regulated in a resistant and sensitive species ex- 
posed to a non-genotoxic carcinogen. 

Albumin and ribosomal genes appear common 
to all differential displays and are thus undesir- 
able false positives. However, due to their high 
expression in the liver, they are difficult to re- 
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love. We also noted a number of gene species, 
articularly in the guinea pig, which were com- 
ion to both upregulated and downregulated 
rofiles. Again, the most likely reason for these 
aving arisen is their high abundance. 
A relatively large number of upregulated and 
ownregulated genes were isolated from guinea 
ig liver following Wy-14,643 exposure. However, 
ie guinea pig genome has been relatively poorly 
haracterised and so many of the clones were 
lentified as resembling genes or ESTs from other 
secies. Without full-length sequence data it is 
ifficult to ascertain the accuracy of the assigned 
lentities and this must be borne in mind when 
tilising data such as this, for example, in design- 
ig effective primers for RT-PCR studies. Al- 
lough the actual isolated clone sequences can be 
sed to do this, their relatively small size often 
istricts the ability to design effective primers. In 
ddition, as we observed with transferrin, using a 
ublished full-length sequence may help to iden- 
fy false positives. 

able 6 

;mi-quantitative RT-PCR analysis of selected gene species in the rat and guinea pig* 



By comparing the expression profiles of genes 
showing altered expression in a PP-sensitive spe- 
cies (rat) with a PP-resistant species (guinea pig), 
it was our aim to identify genes that are mecha- 
nistically relevant to the non-genotoxic hepatocar- 
cinogenic action of Wy-14,643. However, few of 
the genes that we have isolated were common to 
both the rat and the guinea pig. This suggests 
either that the molecular mechanisms of response 
in these two species are so different that few genes 
are commonly regulated in response to Wy-14,643 
exposure, or that we have recovered only a small 
proportion of those genes that have altered ex- 
pression. The latter seems the more likely scenario 
since it is perceived that one of the main problems 
of subtractive hybridisation and other differential 
expression technologies is the inability to consis- 
tently isolate rare gene transcripts (Bertioli et al., 
1995). This is potentially problematic in that 
weakly expressed genes may play an important 
role in regulating, key cellular processes, and that 
the majority of mRNA species are classified as 



ranscript 



Putative change of expression following 
treatment according to dotblot 



Change according to RT-PCR 
quantitation 





Rat 


Guinea pig 


Rat 


Guinea pig 


lbumin 


N/A 


N/A 


No change 


No change 


ifunctional enzyme 


Up 


N/A 


Upregulated* (9 x ) 


N/O 


YP2C11 


Down 


N/A 


Downregulated* 


N/D 








(Abolished) 




YP4A1 


Up 


N/A 


Upregulated* (14 x ) 


N/D 


atalase 


N/A 


Up 


No change 


N/O 


D81 (TAPA-1) 


Up 


Down 


N/O 


Upregulated**(1.4 


ontrapsin-like protease inhibitor 


Down 


N/A 


Downregulated** 


x ) 
N/D 








(0.5 x) 




arathymosin-a (zinc 2+ binding 


Down 


N/A 


Downregulated** 


N/D 


protein) 






(0.6 x) 




ransferrin 


Up 


N/A 


Downregulated* 


No change 








(0.5 x) ^ 




DP-Glucuronosyl transferase 


Down 


N/A 


Downregulated** 


N/O 








(0.2 x) 




ownUnknown-1 


Down 


N/A 


No change {P = 0.06) 


N/D 


:i-oc2-glycoprotein 


Up 


N/A 


No change 


N/O 



y N/A. not applicable; N/O, not optimised; N/D, not done. 
* P< 0.0005; 
** /><0.05. 
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•'rare' in abundance (Bertioli et al., 1995). How- 

• ever, in their original paper describing the SSH 
technique, Gurskaya et al. (1996) demonstrated 
that SSH can enrich rare molecules between 1000- 

• and 5000-fold in a single round of hybridisation. 
Unfortunately, due to high background smearing 
in our initial experiments (which hindered identifi- 
cation of single bands), we were compelled to 
reduce the primary hybridisation time to only 4 h 
— a step that theoretically is likely to reduce the 
number of rare sequences (CLONTECHniques, 
1996). Furthermore, it has been claimed by the 
manufacturers that, whilst this technique can 
identify changes as small as 1.5-fold between the 
driver and tester populations, it is best suited to 
the isolation of genes that show a greater than 
5-fold increase (CLONTECHniques, 1996). In ad- 
dition, where tester and driver contain genes with 
large and small differences in abundance, the SSH 
method will be biased towards identifying those 
genes with the large differences (CLONTECH- 
niques, 1996). Thus, it is most probable that we 
have not isolated all of the more rarely expressed 
transcripts and those demonstrating small changes 

in expression. 

One problem that remains is identifying the 
function of genes isolated in SSH experiments as 
described herein, some of which may be crucial to 
the process of carcinogenesis, and are, to date, 
unidentified. However, we have provided evidence 
herein that SSH can be used to begin the process 
of characterising the extent and importance of 
altered gene expression in response to a chemical 
stimulus. The developments of this approach 
should include characterisation of temporal and 
dose responses, and functional analysis studies 
including knockout mice. In combination, such 
studies should make a significant contribution to 
our understanding of the molecular mechanisms 
of action and physiological relevance of gene reg- 
ulation in non-genotoxic hepatocarcinogenesis. It 
should then be. possible to ascertain whether dif- 
ferentially expressed genes are causally or casually 
related to the chemical-induced toxicity, and 
therefore a substantial mechanistic advance. 

It is clear that there are also broader applica- 
tions for this experimental approach that go be- 
yond understanding the molecular mechanisms of 
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peroxisome-proliferator induced non-genotoxic 
hepatocarcinogenesis in rodents. The potential 
medical and therapeutic benefits of elucidating the 
molecular changes that occur in any given cell in 
progressing from the normal -to the carcinogenic 
(or other diseased, abnormal or developmental) 
state are very substantial. Notwithstanding the 
lack of complete functional identification of al- 
tered gene expression, such gene profiling studies 
described herein essentially provides a 'fingerprint' 
of each stage of carcinogenesis, and should help in 
the elucidation of specific and sensitive biomark- 
ers for different types of cancer. Amongst other 
benefits, such fingerprints and biomarkers could 
help uncover differences in histologically identical 
cancers, and provide diagnostic tests for the earli- 
est stages of neoplasia. In addition, the genes 
identified by this approach may be incorporated 
into gene-chip DNA-arrays, thus providing a 
standard genetic fingerprint for a particular toxin 
treatment in a particular species. Interrogation of 
these gene arrays for an unknown compound that 
has a similar pattern to the known reference 
chemical would then provide evidence that the 
unknown may have a toxicity profile similar to 
the 'standard' fingerprint, thereby serving as a 
mechanistically relevant platform for further de- 
tailed investigations. 
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ABSTRACT We have developed high-density DNA mi- 
croarrays of yeast ORFs. These microarrays can monitor 
hybridization to ORFs for applications such as quantitative 
differential gene expression analysis and screening for se- 
quence polymorphisms. Automated scripts retrieved sequence 
information from public databases to locate predicted ORFs 
and select appropriate primers for amplification. The primers 
were used to amplify yeast ORFs in 96-well plates, and the 
resulting products were arrayed using an automated micro 
arraying device. Arrays containing up to 2,479 yeast ORFs 
were printed on a single slide. The hybridization of f luores- 
cently labeled samples to the array were detected and quan- 
titated with a laser con focal scanning microscope. Applica- 
tions of the microarrays are shown for genetic and gene 
expression analysis at the whole genome level. 



The genome sequencing projects have generated and will con- 
tinue to generate enormous amounts of sequence data. The 
genomes of Saccharomyces cerevisiae, Haemophilus influenzae (1), 
Mycoplasma genitalium (2), and Methanococcus jannischii (3) 
have been completely sequenced. Other model organisms have 
had substantial portions of their genomes sequenced as well 
including the nematode Caenorhabditis elegans (4) and the small 
flowering plant Arabidopsis thaliana (5). Given this ever- 
increasing amount of sequence information, new strategies are 
necessary to efficiently pursue the next phase of the genome 
projects — the elucidation of gene expression patterns and gene 
product function on a whole genome scale. 

One important use of genome sequence data is to attempt 
to identify the functions of predicted ORFs within the genome. 
Many of the ORFs identified in the yeast genome sequence 
were not identified in decades of genetic studies and have no 
significant homology to previously identified sequences in the 
database. In addition, even in cases where ORFs have signif- 
icant homology to sequences in the database, or have known 
sequence motifs (e.g., protein kinase), this is not sufficient to 
determine the actual biological role of the gene product. 
Experimental analysis must be performed to thoroughly un- 
derstand the biological function of a given ORF's product. 
Model organisms, such as 5. cerevisiae^ will be extremely 
important in improving our understanding of other more 
complex and less manipulable organisms. 

To examine in detail the functional role of individual ORFs and 
relationships between genes at the expression level, this work 
describes the use of genome sequence information to study large 
numbers of genes efficiently and systematically. The procedure 
was as follows, (i) Software scripts scanned annotated sequence 
information from public databases for predicted ORFs. (u) The 
start and stop position of each identified ORF was extracted 
automatically, along with the sequence data of the ORF and 200 
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bases flanking either side. (Hi) These data were used to automat- 
ically select PCR primers that would amplify the ORF. (zV) The 
primer sequences were automatically input into the automated 
multiplex oligonucleotide synthesizer (6). (v) The oligonucleo- 
tides were synthesized in 96-well format, and (vi) used in 96-well 
format to amplify the desired ORFs from a genomic DNA 
template, (vii) The products were arrayed using a high-density 
DNA arrayer (7-10). The gene arrays can be used for hybridiza- 
tion with a variety of labeled products such as cDNA for gene 
expression analysis or genomic DNA for strain comparisons, and 
genomic mismatch scanning purified DNA for genotyping (11). 

METHODS 

Script Design. All scripts were written in UNIX Tool Command 
Language. Annotated sequence information from GenBank was 
extracted into one file containing the complete nucleotide se- 
quence of a single chromosome. A second file contained the 
assigned ORF name followed by the start and stop positions of that 
ORF. The actual sequence contained within the specified range, 
along with 200 bases of sequence flanking both sides, was extracted 
and input into the primer selection program PRIMER 0.5 (White- 
head Institute, Boston). Primers were designed so as to allow 
amplification of entire ORFs. The selected primer sequences were 
read by the 96-well automated multiplex oligonucleotide synthe- 
sizer instrument for primer synthesis. The forward and reverse 
primers were synthesized in two separate 96-well plates in corre- 
sponding wells. All primers were synthesized on a 20-nmol scale. 

ORF Amplification and Purification. Genomic DNA was iso- 
lated as described (12) and used as template for the amplification 
reactions. Each PCR was done in a total volume of 100 /il. A total 
of 0.2 jiM each of forward and reverse primers were aliquoted into 
a 96-well PCR plate (Robbins Scientific, Sunnyvale, CA); a master 
mix containing 0.24 mM each dNTP, 10 mMTris (pH 8.5), 50 mM 
MgCl 2 , 2.5 units Taq polymerase, and 10 ng of template was added 
to the primers, and the entire mix was thermal cycled for 30 cycles 
as follows: 15 min at 94°C, 15 min at 54°C, and 30 min at 72°C 
Products were ethanol precipitated in polystyrene v-bottom 96- 
well plates (Costar). All samples were dried and stored at — 20 P C 

Arraying Procedure and Processing. Microarrays were 
made as described (8). 

A custom built arraying robot was used to print batches of 48 
slides. The robot utilizes four printing tips which simultaneously 
pick up «« 1 ju.1 of solution from 96-well microtiter plates. After 
printing, the microarrays were rehydrated for 30 sec in a humid 
chamber and then snap dried for 2 sec on a hot plate (100°C). The 
DNA was then UV crosslinked to the surface by subjecting the 
slides to 60 millijoules of energy. The rest of the poly-L-lysine 
surface was blocked by a 15-min incubation in a solution of 70 mM 
succinic anhydride dissolved in a solution consisting of 315 ml of 
l-methyl-2-pyrrolidinone (Aldrich) and 35 ml of 1 M boric acid 
(pH 8.0). Directly after the blocking reaction, the bound DNA 
was denatured by a 2-min incubation in distilled water at ***95°C. 



Abbreviation: YEP, yeast extract/peptone. 

tTo whom reprint requests should be sent at the present address: 
Synteni, Inc., 6519 Dumbarton Circle, Fremont, CA 94555. 
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Fig. 1. Two-color fluorescent scan of a yeast microarray contain- 
ing 2,479 elements (ORFs). The center-to-center distance between 
elements is 345 jxm. A probe mixture consisting of cDNA from yeast 
extract/peptone (YEP) galactose (green pseudocolor) and YEP glu- 
cose (red pseudocolor) grown yeast cultures was hybridized to the 
array. Intensity per element corresponds to ORF expression, and 
pseudocolor per element corresponds to relative ORF expression 
between the two cultures. 

The slides were then transferred into a bath of 100% ethanol at 
room temperature. 

Probe Preparation: cDNA. Yeast cultures (100 ml) were grown 
to ~1 OD A 60o and total RNA was isolated as described (13). Up 
to 500 \i% total RNA was used to isolate mRNA (Qiagen, 
Chatsworth, CA). Oligo(dT)20 (5 /jtg) was added and annealed to 
2 \x% of mRNA by heating the reaction to 70°C for 10 min and 
quick chilling on ice, plus 2 fx\ Superscript II (200 units//xl) (Life 
Technologies, Gaithersburg, MD), 0.6 ptl 50x dNTP mix (final 
concentrations were 500 p-M dATP, dCTP, dGTP, and 200 AtM 
dTTP) r 6 $ 5X reaction buffer, and 60 jiM Cy3-dUTP or 
Cy5-dUTP (Amersham). Reactions were carried out at 42°C for 
2 h, after which the mRNA was degraded by the addition of 03 
/ml 5 M NaOH and 03 pA 100 mM EDTA and heating to 65°C for 
10 min. The sample was then diluted to 500 juJ with TE and 
concentrated using a Microcon-30 (Amicon) to 10 jllI. 

Probe Preparation: Genomic DNA. Fluorescent DNA was 
prepared from total genomic DNA as follows: 1 /xg of random 
nonamer oligonucleotides was added to 2.5 p.g of genomic 
DNA. This mixture was boiled for 2 min and then chilled on 
ice. A reaction mixture containing dNTPs (25 ptM dATP, 
dCTP, dGTP, 10 /llM dTTP, and 40 Cy3-dUTP or 
Cy5-dUTP) reaction buffer (New England Biolabs), and 20 
units exonuclease free Klenow enzyme (United States Bio- 
chemical) was added, and the reaction was incubated at 37°C 
for 2 h. The sample was then diluted to 500 ptl with TE and 
concentrated using a Microcon-30 (Amicon) to 10 ptl. 

Hybridization. Purified, labeled probe was resuspended in 11 
/il of 3.5 X SSC containing 10 ix% Escherichia coli tRNA, and 0.3% 
SDS. The sample was then heated for 2 min in boiling water, 
cooled rapidly to room temperature, and applied to the array. The 
array was placed in a sealed, humidified, hybridization chamber. 
Hybridization was carried out for 10 h in a 62°C water bath, after 
which the arrays were washed immediately in 2x SSC/0.2% SDS. 
A second wash was performed in 0.1 X SSC. 

Analysis and Quantitation. Arrays were scanned on a 
scanning laser fluorescence microscope developed by Steve 
Smith with software written by Noam Ziv (Stanford Univer- 
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sity). A separate scan was done for each of the two fluoro- 
phores used. The images were then combined for analysis. A 
bounding box, fitted to the size of the DNA spots, was placed 
over each array element. The average fluorescent intensity was 
calculated by summing the intensities of each pixel present in 
a bounding box and then dividing by the total number of pixels. 
Local area background was calculated for each array element 
by determining the average fluorescent intensity at the edge of 
the bounding box. To normalize for f luorophore-specific vari- 
ation, control spots containing yeast genomic DNA were 
applied to each quadrant during the arraying process. These 
elements were quantitated and the ratios of the signals were 
determined. These ratios were then used to normalize the 
photomultiplier sensitivity settings such that the ratios of the 
fluorescence of the genomic DNA spots were close to a value 
of 1.0. The average signal intensity at any given spot was 
regarded as significant if it was at least two standard deviations 
above background. Each experiment was conducted in dupli- 
cate, with the fluorophores representing each channel re- 
versed. The ratios presented here are the average of the two 
experiments, except in the case in which the signal for the 
element in question was below the reliability threshold. The 
reliability threshold also determined the dynamic range of the 
experiment. For all of the experiments presented, the average 
dynamic range was ~1 to 100. In the case where the fluores- 
cence from a very bright spot saturates the detector, differ- 
ential ratios will, in general, be underestimated. This can be 
compensated for by scanning at a lower overall sensitivity. 

RESULTS 

The accumulation of sequence information from model organ- 
isms presents an enormous opportunity and challenge to under- 
stand the biological function of many previously uncharacterized 
genes. To do this accurately and efficiently, a directed strategy 
was developed that enables the monitoring of multiple genes 
simultaneously. Microarraying technology provides a method by 
which DNA can be attached to a glass surface in a high-density 
format (8). In practice, it is possible to array over 6,000 elements 
in an area less than 1.8 cm 2 . Given that the yeast genome consists 
of «*6,100 ORFs, the entire set of yeast genes can be spotted onto 
a single glass slide. 

With this capability and the availability of the entire se- 
quence of the yeast genome, our strategy was to use a directed 
approach for generating the complete genome array. This 
procedure involved synthesizing a pair of oligonucleotide 
primers to amplify each ORF. The PCR product containing 
each gene of interest was arrayed onto glass and used, for 
example, as probe for monitoring gene expression levels by 
hybridizing to the array labeled cDNA generated from isolated 
mRNA of a culture grown under any experimental condition. 

Primer Selection and Synthesis. The primer selection was fully 
automated using Tool Command Language scripts and PRIMER 
05. (Whitehead). Primer pairs were automatically selected suc- 
cessfully for >99% of the ORFs tested. Primer sequences can thus 
be selected rapidly with minimal manual processing. A complete 
set of forward and reverse primers were selected initially for each 
ORF on chromosomes I, II, III, V, VI, VIII, IX, X, and XL 
Primers for a representative set of ORFs (15% coverage) were 
chosen for the remaining chromosomes. With the release of the 
entire yeast genome sequence, the complete set of primers has 
now been selected. 

Because each ORF requires a unique pair of synthetic primers, 
a total of approximately 12,200 oligonucleotides will be required 
to individually amplify each target. This costly component was 
addressed with the automated multiplex oligonucleotide synthe- 
sizer (6) which efficiently synthesizes primers in a 96-well format. 
Each primer, synthesized on a 20-nmol scale, provides enough 
material for 100 amplification reactions, whereas a given PCR 
product provides enough material to generate an element on 
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Table 1. Heat shock vs. control expression data 



Ratio of 
gene expression 



Control 


ileal 


WKr 




uescnpuon 




2.2 


YLR142 


PUTl 


Proline oxidase 




2.0 


YOL140 


ARG8 


Acetylornithine aminotransferase 


2.3 




YGL148 


AR02 


Chorismate synthase 




36.0 


YFL014 


HSP12 


Heat shock protein 




27.4 


YBR072 


HSP26 


Heat shock protein 




6.7 


YBR054 


YR02 


Similarity to HSP30 heat shock protein Yrolp 




3.4 


YCR021 


HSP30 


Heat shock protein 




2.6 


YER103 


SSA4 


Heat shock protein 




2.5 


YLR259 


HSP60 


Mitochondrial heat shock protein HSP60 




2.1 


YBR169 


SSE2 


Heat shock protein of the HSP70 family 




1.7 


YBL075 


SSA3 


Cytoplasmic heat shock protein 




1.4 


YPL240 


HSP82 


Heat shock protein 




1.4 


YDR258 


HSP78 


Mitochondrial heat shock protein of clpb family of ATP-dependent proteases 


1.0 




YNL007 


SIS1 


Heat shock protein 


1.1 




YEL030 




70-kDa heat shock protein 


1.9 




YHR064 




Heat shock protein 




1.3 


YBL008 


HIR1 


Histone transcription regulator 


2.6 




YBL002 


HTB2 


Histone H2B.2 


3.3 




YBL003 


HTA2 


Histone H2A.2 


3.3 




YBR010 


HHT1 


Histone H3 


3.9 




YBR009 


HHF1 


Histone H4 




2.4 


YDR343 


HXT6 


High-affinity hexose transporter 




2.1 


YHR092 


HXT4 


Moderate- to low-affinity glucose transporter 


3.6 




YAR071 


PHOll 


Secreted acid phosphatase, 56 kDa isozyme 




2.3 


YLR096 


KJN2 


Ser/Thr protein kinase 


2.5 




YER102 


RPS8B 


Ribosomal protein S8.e 


2.6 




YBR181 


RPS101 


Ribosomal protein S6.e 


2.6 




YCR031 


CRY1 


40S ribosomal protein S14.e 


2.7 




YLR441 


RP10A 


Ribosomal protein S3.a.e 


2.8 




YHR141 


RPL41B 


Ribosomal protein L36a.e 


2.8 




YBL072 


RPS8A 


Ribosomal protein S8.e 


2.8 




YHL015 


URP2 


Ribosomal protein 


2.8 




YBR191 


URP1 


Ribosomal protein L21.e 


3.1 




YLR340 


RPLAO 


Acidic Ribosomal protein LlO.e 


3.3 




YGL123 


SUP44 


Ribosomal protein 




5.8 


YLR194 




Hypothetical protein 



500-1,000 arrays. Thus, a single primer pair provides enough 
starting material for up to ^SOjOOO arrays. 

Primers were synthesized to amplify yeast ORFs. Primer 
synthesis had a failure rate of <1% in over 18 plates of 
synthesis as determined by standard trityl analysis (6). The 
success rate of the PCR amplifications using the primer pairs 
was 94% based on agarose gel analysis of each PCR. The 
purified PCR products were used to generate arrays. Two 
versions of the arrays were created for the experimental results 
presented here. The first array contained 2,287 elements and 
the second array batch contained 2,479 elements. 

Genome Arrays. The amplified ORFs were arrayed onto glass 
at a spacing of 345 microns (Fig. 1). The high-density spacing of 
DNA samples allows the hybridization volumes to be mini- 
mized — volumes are a maximum of 10 /xl. The labeled probe can 
thus be maintained at relatively high concentrations, making 1-2 
jug of mRNA sufficient for analysis. This also obviates the need 
for a subsequent amplification step and thus avoids the risk of 
altering the relative ratios of different cDNA species in the 
sample. 

Genetic Analysis: Genomic Comparison of Unrelated Strains. 
Microarrays allow efficient comparison of the genomes of dif- 
ferent strains. Genomic DNA from Y55, an S. cerevisiae strain 
divergent from the reference strain S288c, was randomly labeled 
with Cy3-dUTP and hybridized simultaneously with the S288c 
DNA labeled with Cy5-dUTP. When a comparison between the 
hybridization of the DNA from the two strains was done, several 



elements gave relatively little or no signal above background from 
the Cy3 channel (data not shown). These include SGE1, 
ASP3A-D, YLR156, YLR159, YLR161, ENA2 (YDR039 is 
ENA2), and YCR105. These results imply that the regions 
containing these genes are extremely divergent, or all together 
deleted from the strain. Subsequent attempts to generate PCR 
products from SGE1, ENA2, and ASP3A using Y55 DNA failed. 
This result supports the conclusion that these genes are likely to 
be missing from the Y55 genome. It is interesting to note that at 
least two of the regions absent in the Y55 genome have been 
previously shown or suggested to be deleted in mutant laboratory 
strains (14-16). In particular, the Asp-3 region appears to be 
highly prone to being deleted (15, 16). 

These results indicate that gene arrays can be used to efficiently 
screen different strains of an organism for large deletion poly- 
morphisms. A single hybridization and scan will reveal differences 
based on differential hybridization to particular elements. It is 
reasonable to suppose that an equivalent number of genes are 
present in the Y55 genome and absent in the S288c genome. This 
result should be viewed as a minimum estimate of the deletion 
polymorphisms that exist between these two unrelated strains as 
intergenic deletions or small intragenic deletions would not be 
detected because considerable hybridizing material would be 
remain. Sequence polymorphisms, such as deletions, are present 
in populations of every species and must at some level affect 
phenotype. One of the challenges of the genome era will be to 
critically examine sequence polymorphisms that exist in the 
natural gene pool relative to the reference genome sequence. 



13060 Genetics: Lashkari et al 



Proc. Natl. Acad, Sci. USA 94 (1997) 



Heat Shock 



uU-tft Ainititi adtl ..... 

motif catabi>Itsm Permease Ammo acid synlhesis ABCca$;eUe 



ABC alette 



«\ntha«p Cyt«cbr«me-h Cvloihrome-c Galactose Protease 



a a » *S a *» » » ™ mmm n 



BOSS 



naaamaBaaa 



■BflBdssaa .aaotnaaaa 



Cell wall 

Coppiir synthesis Cjtltn DNA pvtyrnyritite 



Frgo^ral Celi cy<le 



Cuanino 



■ o (»««(<* t» a is sows* 



C!uco=c metabolism 

- usawaanaaaisiiBflaaitBafloaM 



CTP binding 



Htslidtne twtu 1 leurim.' 



oust as aoaaoa eu acoaaa 



a*4 



Hi*tnn« transport 



. a* a an 



lipid iyntlifiU Ma rim; type 



.Viitothondrul 

nlMKiwul protein Meioiis 



jiiSSA Nudtar 
MitiH.-hnwlri.it maintenance metabolism pore 



Onecaihoii Hurinit svitthests j«hosph.ilemeUb«li5in 



ainaaaaaaaa 



Pictein Kinase 



Protein 

phoipbatase Pn>tea>urm;> Pre-mRN A 



aalaaattaflBnaitacanaaaaMaaBDaaaaaa nmBizmm 



Baapa o.aaaiffiaB'BtB-tfraa) (am«ctia.»*w*^arai amiaw tttt 



Py rim tti lilt- 
s' ntbcsH 



ODsasaaa 



ON'A repair 

nsB»BS9BaDDDn«i8aan«ua 



Kiboiumal protein 



Simulation Srpl/tipl Sni/Snf tEF 

a Kctnaaaa . stain a cs a nan 



Alcohol 

Recombination dfcMn>S?nase 



Secretory Genera) Transcription Factors 

oats no B«iaceai)at]tiB6aeoioai«aa««]yaaaaiisita«nBnoi)»BHa 



Ubitiutiin Ubiquitin Ubiquitin Vacuolar Vacuolar 

tunjiisiatinf} prtifraft! other ATP.isc Vitamin protein Htfat Ow.rl* pmlcins 



ctaanaBasvaRBBattsaB 



Fig. 2. ORF categories displaying dif- 
ferential expression between heat shocked 
and untreated cultures. Bars within cate- 
gories correspond to individual ORFs. 
Green shaded bars correspond to relative 
increases in ORF expression under 25°C 
growth conditions. Red shaded bars cor- 
respond to relative increases in ORF ex- 
pression under 39°C growth conditions. 



Gene Expression Analysis. The arrays were used to examine 
gene expression in yeast grown under a variety of different 
conditions. Expression analysis is an ideal application of these 
arrays because a single hybridization provides quantitative expres- 

Table 2. Cold shock vs. control expression data 



Ratio of 
gene expression 



Control 


Cold 


ORF 


Gene 


Description 




3.3 


YOR153 


PDR5 


Pleiotropic drug resistance protein 


2.4 




YCR012 


PGK1 


Phosphoglycerate kinase 


2.9 




YCL040 


GLK1 


Aldohexose specific glucokinase 




1.4 


YHR064 




Heat shock protein 


2.0 




YJL034 


KAR2 


Nuclear fusion protein 


2.1 




YDR258 


HSP78 


Mitochondrial heat shock protein of clpb family of ATP-dependent proteases 


2.2 




YLL039 


UBI4 


Ubiquitin precursor 


2.7 




YLL026 


HSP104 


Heat shock protein 


3.1 




YER103 


SSA4 


Heat shock protein 


3.3 




YBR126 


TPS1 


a, o-Trehalose-phosphate synthase (UDP-forming) 


3.8 




YPL240 


HSP82 


Heat shock protein 


7.9 




YBR054 


YR02 


Similarity to HSP30 heat shock protein Yrolp 


7.9 




YBR072 


HSP26 


Heat shock protein 


16.5 




YCR021 


HSP30 


Heat shock protein 


1.8 




YDR343 


HXT6 


High-affinity hexose transporter 


2.1 




YHR096 


HXT5 


Putative hexose transporter 


2.4 




YFR053 


HXK1 


Hexokinase I 


2.8 




YHR092 


HXT4 


Moderate- to low-affinity glucose transporter 


3.4 




YHR094 


HXT1 


Low-affinity hexose (glucose) transporter 




2.3 


YHR089 


GAR1 


Nucleolar rRNA processing protein 




1.7 


YLR048 


NAB IB 


40S ribosomal protein p40 homolog b 




1.7 


YLR441 


RP10A 


Ribosomal protein S3a.e 




1.7 


YLL045 


RPL4B 


Ribosomal protein L7a.e.B 




1.6 


YLR029 


RPL13A 


Ribosomal protein Ll5.e 




1.6 


YGL123 


SUP44 


Ribosomal protein 




3.1 


YBR067 


TIP1 


Cold- and heat-shock-induced protein of the Srpl/Tiplp family 




2.2 


YER011 


TIR1 


Cold-shock-induced protein of the Tirlp, Tiplp family 




2.0 


YCR058 




Hypothetical protein 




4.2 


YKL102 




Hypothetical protein 



sion data for thousands of genes. To better understand results for 
genes of known function, ORFs were placed in biologically rele- 
vant categories on the basis of function (e.g., amino acid catabolic 
genes) and/or pathways (e.g., the histidine biosynthesis pathway). 
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Table 3. Glucose vs. galactose expression data 



Ratio of 
gene expression 



Glucose 


Galactose 


ORF 


Gene 


Description 


2 1 




YHR018 


ARG4 


A roinrtcitffinatp lvacp 
r\l glllUoUl>l>llldlC 1yd St. 


j.j 




I Jr t\\Jjj 


C11 Nl 
OLIN 1 


f ' lilt a *\ t ^"v f\ m . a 1 t » a p 

(jiuiamaie— ammonia ngase 


9 S 

Z.O 




YMI 11A 


ATD 1 


/\minoiriazoie ana t-niiroo^uinoiine res i si a nee protein 


z.u 




I lVlt\J\Jj 


/\L/riZ 


Alcohol dehydrogenase II 


J. / 






MUMj 


Alcohol dehydrogenase V 




J.Z 


vri mn 


AAl—Z 


/vur, Air carrier protein z 




*) 0 


I OKuOJ 


A AT5 


AUr, Air carrier protein 




z. / 


I L^ixZyo 


ATDS 


H + -transporting ATP synthase 5 chain precursor 




2.5 


nnmn 


ATP3 


H + -transporting ATP synthase y chain precursor 




j.j 




v_- 1 t>Z 


Lactate dehydrogenase cytochrome b2 




1 A 


I M LAJj 4 


LidZ 


Lactate dehydrogenase cytochrome b2 




23 




MCKl 


Cytochrome-65 reductase 




A 0 
*r.Z 


I DLU4J 


LUK I 


UDtquinoi— cytoenrome c reauciase core protein 




7. S 
J, J 


I ULUO / 


LUAy 


i^yiocnrome c oxioase cnain viia 




9 7 
Z. / 


VT PfWR 
i i^rxuoo 




v^yiocnrome c oxidase, suounii vid 




2.6 


YHR051 


COX6 


Cytochrome c oxidase subunit VI 




Z.*T 






1 t / t/\/*n m p nYin^rp /^n q i n \/ III 
UjLUCnrUITIC C UAIUdbC CUalll VIII 




9 


i r swjjj 




ijDiL|uinur**cy locnromc c rcuuciasc i / 1\. pruicin 




9"} 7 


YI R081 


GAI 2 

WAV 1 


liu lnr*f /^c*» 1 o n H oli>f , /'^c£*i nprTTii^^icp 




91 Q 


YRR018 


GAT 7 






91 8 


YBR020 


GAF 1 






19 S 
i^. j 


YBR019 


GAI 10 


w I/I KlUVUiC H'CIJIIIICI aoC 




14 7 


YLR081 


GAI 2 








YDR009 


GAI 1 






T ft 


I IVILAJJ 1 




iNcgdiivc reguidLor ior cAprcibiun oi gdidctube-inuucea gene^ 




9 S 

.£..15 


YMIjOSI 




Nfpostiup rponnfnr For PYnrPc^inn nf o^>l^ir*toc/ =fc -.infiitr*pri opnpc 
l^t-gtlllVC ICgulaLUI 1UI CAUJ CjJlUll Ul gd lal» HJSC-1 1 IUULCU Kvl ICS 


9 7 




YFR055 




r\ I i pilUdpiICI ILHJdjIlldllMCI diC 






YRR948 


HIS7 


f™5 lii r ■* m t r\p a m iHrtf rantf pracp/fvrlacp 
VJlUlallliDC allllUUll allbici asC/l-yciaoC 

jrnospnoriDOsyi-Aivir cycionyaroiase/pnospnonuosyi-Ai r pyropnospnuLase/ nisiiuinoi 


7.4 




YCL030 


HIS4 


dehydrogenase 


5.8 




YKR080 


MTD1 


Methylenetetrahydrofolate dehydrogenase (NAD+) 


6.0 




YDR019 


GCV1 


Glycine decarboxylase T subunit 


6.1 




YLR058 


SHM2 


Serine hydroxymeihyltransferase 




8.1 


YML123 


PH084 


High-affinity inorganic phosphate/H + symporter 


3.5 




YDR408 


ADE8 


Phosphoribosylglycinamide for myl transferase (GART) 


3.6 




YDR408 


ADE8 


Phosphoribosylglycinamide formyltransferase (GART) 


4.4 




YAR015 


ADE1 


Phosphoribosylamidoimidazole-succinocarboxamide synthase 


5.6 




YMR300 


ADE4 


Amidophosphoribosyltransferase 


5.6 




YOR128 


ADE2 


Phosphoribosylaminoimidazole carboxylase 


6.0 




YGL234 


ADE5,7 


Phosphoribosylamine-glycine ligase and phosphoribosylformylglycinamidine cyclo-ligase 




6.3 


YBL015 


ACH1 


Acetyl-CoA hydrolase 



Heat Shock Results. A log phase culture growing in YEP/ 
dextrose medium at 25°C was split in half. One half of the 
culture remained at 25°C whereas the other half of the culture 
was shifted to 39°C. mRNA was isolated from both cultures 1 h 
after heat shock for comparison on microarrays and, although 
this time point is not optimal for measuring induction of heat 
shock mRNAs (17), many known heat shock genes exhibited 
considerable induction at this time point (Table 1; Fig. 2). 
Down-regulation of genes in the ribosomal protein and histone 
gene categories was also observed. Differential expression 
between the heat-shocked culture and the control was also 
observed for many other genes. Genes in many categories, such 
as amino acid catabolism and amino acid synthesis, exhibited 
a mixed response with some genes showing little or no 
differential expression and other genes showing a significant 
increase or decrease in gene expression in response to heat 
shock (Table 1; Fig. 2). 

Cold Shock Results. A log phase culture growing in YEP/ 
dextrose medium at 37°C was split in half. One half of the 
culture remained at 37°C while the other half of the culture was 
shifted to 18°C. mRNA was isolated from both cultures 1 h 
after cold shock for comparison on microarrays. As expected, 



two known cold shock genes (TIP1, TIR1) were expressed at 
a significantly higher level in the cold-shocked culture. Genes 
in other functional categories, such as glucose metabolism and 
heat shock displayed a mixed response with expression of some 
genes being unaffected and other genes exhibiting significant 
up- or down-regulation in response to cold shock (Table 2). 

Steady-State Galactose vs. Glucose Results. mRNA was 
isolated from steady-state log phase YEP galactose and YEP 
glucose grown cultures for comparison on the microarrays. As 
expected, the GAL genes were expressed at a much higher 
level in the galactose culture. Many genes were differentially 
expressed in these cultures that were not a priori expected to 
exhibit differential expression. For example, some genes in the 
amino acid catabolic category were up-regulated in the galac- 
tose culture whereas genes in the one-carbon metabolism and 
purine categories were largely or entirely down-regulated in 
the galactose culture (Table 3). Genes in other categories, such 
as amino acid synthesis, abc transporter, cytochrome c, and 
cytochrome b, exhibited mixed responses; some genes in a 
category showed little or no obvious differential expression 
whereas other genes in the same category showed significant 
differential expression in the galactose and glucose cultures. 
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DISCUSSION 

The results of these experiments show that many genes are 
differentially expressed under the three environmental condi- 
tions described here. The expected and predicted changes in gene 
expression, such as HSP12 in the heat-shocked culture, TIP1 in 
the cold-shocked culture, and GAL2 in the steady-state galactose 
culture, were observed in every case. However, in addition to the 
expected changes in gene expression, significant differential 
expression was also observed for many other genes that would 
not, a priori, be expected to be differentially expressed. For 
example, expression of PHOll decreased and expression of 
YLR194, KIN2, and HXT6 increased in the heat shocked culture. 
Expression of MST1 and APE3 decreased and expression of 
PDR5 and GAR1 increased in the cold-shocked culture. In 
addition, ADE4 and SER2 were expressed at reduced levels 
whereas PH084 and ACH1 were expressed at higher levels in 
cells grown in galactose compared with cells grown in glucose. 
Differential expression of these and many other genes was specific 
to one of these three environmental conditions. 

Many other genes were found to be differentially expressed 
under more than one condition. When differentially expressed 
genes in cold- and heat-shocked cultures were compared, 30 
genes were found in common. Of these 30 genes, 28 showed 
inverse expression (i.e., increased expression under one condition 
and decreased expression under the other condition). Two genes, 
YCR058 and YKL102, showed elevated expression in response to 
both cold and heat shock. Fifteen genes were found to be 
differentially expressed in both the heat-shocked and steady-state 
galactose cultures: 9 genes showed increased expression and 5 
showed decreased expression under both conditions. Twenty 
genes were differentially expressed in both the cold-shocked and 
steady-state galactose cultures: 8 genes showed decreased expres- 
sion and 5 genes showed increased expression under both con- 
ditions. Six genes showed increased expression in the galactose 
culture and decreased expression in the cold shocked culture. 
One gene (ODP1) showed increased expression in both the 
cold-shocked and steady-state galactose cultures. 

Gene expression is affected in a global fashion when environ- 
mental conditions are changed and both expected and unex- 
pected genes are affected. There is also overlap in the genes that 
are differentially expressed under quite different environmental 
conditions. These results can be rationalized by considering the 
high degree of cross-pathway regulation in yeast. For example, 
there is evidence for cross-pathway regulation between (/) carbon 
and nitrogen metabolism (18), (//) phosphate and sulfate metab- 
olism (19), and (Hi) purine, phosphate, and amino acid metabo- 
lism (20-24). There are also examples of the interaction of 
general and specific transcription factors (25, 26). Finally, within 
the broad class of amino acid biosynthetic genes, there is evidence 
for amino acid specific regulation of some genes, regulation via 
general control for other genes, and regulation via both specific 
and general control for other genes (22, 27-30). 

Cross-pathway regulation arises from the complex structure 
of promoters. Virtually all promoters contain sites for multiple 
transcription factors and, therefore, virtually all genes are 
subject to combinatorial regulation. For example, the HIS4 
promoter contains binding sites for GCN4 (the general amino 
acid control transcription factor), PH02/BAS2 (a transcrip- 
tional regulator of phosphatase and purine biosynthetic 
genes), and BAS1 (a transcriptional regulator of purine bio- 
synthetic genes) (31). It is likely that the complex effects on 
gene expression described in this work are a direct conse- 
quence of the combinatorial regulation of gene expression. 

These findings illustrate the power of the highly parallel whole 
genome approach when examining gene expression. The global 
effects of environmental change on gene expression can now be 
directly visualized. It is clear that determining the mechanism(s) 
and the functional role of the dramatic global effects on gene 
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expression in different environments will be a significant chal- 
lenge. The era of whole genome analysis will, ultimately, allow 
researchers to switch from the very focused single gene/promoter 
view of gene expression and instead view the cell more as a large 
complex network of gene regulatory pathways. 

With the entire sequence of this model organism known, new 
approaches have been developed that allow for genome wide 
analyses (32, 33) of gene function. The genome microarrays 
represent a novel tool for genetic and expression analysis of the 
yeast genome. This pilot study uses arrays containing >3S% of 
the yeast ORFs and it is clear that the entire set of ORFs from 
the yeast genome can be arrayed using the directed primer based 
strategy detailed here. Recent advances in arraying technology 
will allow all 6,100 ORFs to be arrayed in an area of less than 1.8 
cm 2 . Furthermore, as the technology improves, detection limits 
will allow less than 500 ng of starting mRNA material to be used 
for making probe. 

The genome arrays provide for a robust, fully automated 
approach toward examining genome structure and gene func- 
tion. They allow for comparisons between different genomes 
as well as a detailed study of gene expression at the global level. 
This research will help to elucidate relationships between 
genes and allow the researcher to understand gene function by 
understanding expression patterns across the yeast genome. 

Support was provided by National Institutes of Health Grant 
P0/HG00205. 
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Exploring the Metabolic and Genetic Control of 
Gene Expression on a Genomic Scale 

Joseph L DeRisi, Vishwanath R. Iyer, Patrick O. Brown* 

DNA microarrays containing virtually every gene of Saccharomyces cerevisiae were used 
to carry out a comprehensive investigation of the temporal program of gene expression 
accompanying the metabolic shift from fermentation to respiration. The expression 
profiles observed for genes with known metabolic functions pointed to features of the 
metabolic reprogramming that occur during the diauxic shift, and the expression patterns 
of many previously uncharacterized genes provided clues to their possible functions. The 
same DNA microarrays were also used to identify genes whose expression was affected 
by deletion of the transcriptional co-repressor TUP1 or overexpression of the transcrip- 
tional activator YAP1. These results demonstrate the feasibility and utility of this ap- 
proach to genomewide exploration of gene expression patterns. 



The complete sequences of nearly a dozen 
microbial genomes are known, and in the 
next several years we expect to know the 
complete genome sequences of several 
metazoans, including the human genome. 
Defining the role of each gene in these 
genomes will be a formidable task, and un- 
derstanding how the genome functions as a 
whole in the complex natural history of a 
living organism presents an even greater 
challenge. 

Knowing when and where a gene is 
expressed often provides a strong clue as to 
its biological role. Conversely, the pattern 
of genes expressed in a cell can provide 
detailed information about its state. Al- 
though regulation of protein abundance in 
a cell is by no means accomplished solely 
by regulation of mRNA, virtually all dif- 
ferences in cell type or state are correlated 
with changes in the mRNA levels of many 
genes. This is fortuitous because the only 
specific reagent required to measure the 
abundance of the mRNA for a specific 
gene is a cDNA sequence. DNA microar- 
rays, consisting of thousands of individual 
gene sequences printed in a high-density 
array on a glass microscope slide (J, 2), 
provide a practical and economical tool 
for studying gene expression on a very 
large scale (3-6). 

Saccharomyces cerevisiae is an especially 
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favorable organism in which to conduct a 
systematic investigation of gene expression. 
The genes are easy to recognize in the ge- 
nome sequence, cis regulatory elements are 
generally compact and close to the tran- 
scription units, much is already known 
about its genetic regulatory mechanisms, 
and a powerful set of tools is available for its 
analysis. 

A recurring cycle in the natural history 
of yeast involves a shift from anaerobic 
(fermentation) to aerobic (respiration) me- 
tabolism. Inoculation of yeast into a medi- 
um rich in sugar is followed by rapid growth 
fueled by fermentation, with the production 
of ethanol. When the fermentable sugar is 
exhausted, the yeast cells turn to ethanol as 
a carbon source for aerobic growth. This 
switch from anaerobic growth to aerobic 
respiration upon depletion of glucose, re- 
ferred to as the diauxic shift, is correlated 
with widespread changes in the expression 
of genes involved in fundamental cellular 
processes such as carbon metabolism, pro- 
tein synthesis, and carbohydrate storage 
(7). We used DNA microarrays to charac- 
terize the changes in gene expression that 
take place during this process for nearly the 
entire genome, and to investigate the ge- 
netic circuitry that regulates and executes 
this program. 

Yeast open reading frames (ORFs) were 
amplified by the polymerase chain reaction 
(PCR), with a commercially available set of 
primer pairs (8). DNA microarrays, con- 
taining approximately 6400 distinct DNA 
sequences, were printed onto glass slides by 



using a simple robotic printing device (9). 
Cells from an exponentially growing culture 
of yeast were inoculated into fresh medium 
and grown at 30°C for 21 hours. After an 
initial 9 hours of growth, samples were har- 
vested at seven successive 2-hour intervals, 
and mRNA was isolated (JO). Fluorescently 
labeled cDNA was prepared by reverse tran- 
scription in the presence of Cy3(green)- 
or Cy5( red) -labeled deoxyuridine triphos- 
phate (dUTP) (II) and then hybridized to 
the microarrays (J 2). To maximize the re- 
liability with which changes in expression 
levels could be discerned, we labeled cDNA 
prepared from cells at each successive time 
point with Cy5, then mixed it with a Cy3- 
labeled "reference" cDNA sample prepared 
from cells harvested at the first interval 
after inoculation. In this experimental de- 
sign, the relative fluorescence intensity 
measured for the Cy3 and Cy5 fluors at 
each array element provides a reliable mea- 
sure of the relative abundance of the corre- 
sponding mRNA in the two cell popula- 
tions (Fig. 1). Data from the series of seven 
samples (Fig. 2), consisting of more than 
43,000 expression-ratio measurements, 
were organized into a database to facilitate 
efficient exploration and analysis of the 
results. This database is publicly available 
on the Internet (13). 

During exponential growth in glucose- 
rich medium, the global pattern of gene 
expression was remarkably stable. Indeed, 
when gene expression patterns between the 
first two cell samples (harvested at a 2-hour 
interval) were compared, mRNA levels dif- 
fered by a factor of 2 or more for only 19 
genes (0.3%), and the largest of these dif- 
ferences was only 2.7-fold (14). However, as 
glucose was progressively depleted from the 
growth media during the course of the ex- 
periment, a marked change was seen in the 
global pattern of gene expression. mRNA 
levels for approximately 710 genes were 
induced by a factor of at least 2, and the 
mRNA levels for approximately 1030 genes 
declined by a factor of at least 2. Messenger 
RNA levels for 183 genes increased by a 
factor of at least 4, and mRNA levels for 
203 genes diminished by a factor of at least 
4. About half of these differentially ex- 
pressed genes have no currently recognized 
function and are not yet named. Indeed, 
more than 400 of the differentially ex- 
pressed genes have no apparent homology 
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to any gene whose function is known {15). 
The responses of these previously unchar- 
acterized genes to the diauxic shift therefore 
provides the first small clue to their possible 
roles. 

The global view of changes in expres- 
sion of genes with known functions pro- 
vides a vivid picture of the way in which 
the cell adapts to a changing environ- 
ment. Figure 3 shows a portion of the yeast 
metabolic pathways involved in carbon 
and energy metabolism. Mapping the 
changes we observed in the mRNAs en- 
coding each enzyme onto this framework 
allowed us to infer the redirection in the 
flow of metabolites through this system. 
We observed large inductions of the genes 
coding for the enzymes aldehyde dehydro- 
genase (ALD2) and acetyl-coenzyme 
A(CoA) synthase (AC5J), which func- 
tion together to convert the products of 
alcohol dehydrogenase into acetyl-CoA, 
which in turn is used to fuel the tricarbox- 
ylic acid (TCA) cycle and the glyoxylate 
cycle. The concomitant shutdown of tran- 
scription of the genes encoding pyruvate 
decarboxylase and induction of pyruvate 
carboxylase rechannels pyruvate away 
from acetaldehyde, and instead to oxalac- 
etate, where it can serve to supply the 
TCA cycle and gluconeogenesis. Induc- 
tion of the pivotal genes PCKI, encoding 
phosphoenolpyruvate carboxykinase, and 
FBP1, encoding fructose 1,6-biphos- 
phatase, switches the directions of two key 
irreversible steps in glycolysis, reversing 
the flow of metabolites along the revers- 
ible steps of the glycolytic pathway toward 
the essential biosynthetic precursor, glu- 
coses-phosphate. Induction of the genes 
coding for the trehalose synthase and gly- 
cogen synthase complexes promotes chan- 
neling of glucose-6-phosphate into these 
carbohydrate storage pathways. 

Just as the changes in expression of 
genes encoding pivotal enzymes can pro- 
vide insight into metabolic reprogram- 
ming, the behavior of large groups of func- 
tionally related genes can provide a broad 
view of the systematic way in which the 
yeast cell adapts to a changing environ- 
ment (Fig. 4). Several classes of genes, 
such as cytochrome c-related genes and 
those involved in the TCA/glyoxylate cy- 
cle and carbohydrate storage, were coordi- 
nate^ induced by glucose exhaustion. In 
contrast, genes devoted to protein synthe- 
sis, including ribosomal proteins, tRNA 
synthetases, and translation, elongation, 
and initiation factors, exhibited a coordi- 
nated decrease in expression. More than 
95% of ribosomal genes showed at least 
twofold decreases in expression during the 
diauxic shift (Fig. 4) {13). A noteworthy 
and illuminating exception was that the 



genes encoding mitochondrial ribosomal 
genes were generally induced rather than 
repressed after glucose limitation, high- 
lighting the requirement for mitchondrial 
biogenesis {13). As more is learned about 
the functions of every gene in the yeast 
genome, the ability to gain insight into a 
cell's response to a changing environment 
through its global gene expression patterns 
will become increasingly powerful. 

Several distinct temporal patterns of ex- 
pression could be recognized, and sets of 
genes could be grouped on the basis of the 
similarities in their expression patterns. The 
characterized members of each of these 
groups also shared important similarities in 
their functions. Moreover, in most cases, 
common regulatory mechanisms could be 
inferred for sets of genes with similar expres- 
sion profiles. For example, seven genes 
showed a late induction profile, with mRNA 
levels increasing by more than ninefold at 
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the last timepoint but less than threefold at 
the preceding timepoint (Fig. 5B). All of 
these genes were known to be glucose-re- 
pressed, and five of the seven were previously 
noted to share a common upstream activat- 
ing sequence (UAS), the carbon source re- 
sponse element (CSRE)* (16-20). A search 
in the promoter regions of the remaining two 
genes, ACRi and 1DP2, revealed that 
ACRJ, a gene essential for ACS J activity, 
also possessed a consensus CSRE motif, but 
interestingly, IDP2 did not. A search of the 
entire yeast genome sequence for the con- 
sensus CSRE motif revealed only four addi- 
tional candidate genes, none of which 
showed a similar induction. 

Examples from additional groups of 
genes that shared expression profiles are 
illustrated in Fig. 5, C through F. The 
sequences upstream of the named genes in 
Fig. 5C all contain stress response ele- 
ments (STRE), and with the exception 
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Fig. 1. Yeast genome microarray. The actual size of the microarray is 18 mm by 18 mm. The 
microarray was printed as described (9). This image was obtained with the same fluorescent 
scanning confocal microscope used to collect all the data we report {49), A fiuorescently labeled 
cDNA probe was prepared from mRNA isolated from cells harvested shortly after inoculation (culture 
density of <5 x 10 6 cells/ml and media glucose level of 19 g/liter) by reverse transcription in the 
presence of Cy3-dUTP. Similarly, a second probe was prepared from mRNA isolated from cells taken 
from the same culture 9.5 hours later (culture density of — 2 x 10 8 cells/ml, with a glucose level of 
<0.2 g/liter) by reverse transcription in the presence of Cy5-dUTP. In this image, hybridization of the 
Cy3-dUTP-labeled cDNA (that is, mRNA expression at the initial timepoint) is represented as a green 
signal, and hybridization of Cy5-dUTP-labeled cDNA (that is, mRNA expression at 9.5 hours) is 
represented as a red signal. Thus, genes induced or repressed after the diauxic shift appear in this 
image as red and green spots, respectively. Genes expressed at roughly equal levels before and after 
the diauxic shift appear in this image as yellow spots. 
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of HSP42, have previously been shown to 
be controlled at least in part by these 
elements (21-24)- Inspection of the se- 
quences upstream of HSP42 and the two 
uncharacterized genes shown in Fig. 5C ( 
YKL026c ( a hypothetical protein with 
similarity to glutathione peroxidase, and 
YGR043c, a putative transaldolase, re- 
vealed that each of these genes also pos- 
sess repeated upstream copies of the stress- 
responsive CCCCT motif. Of the 13 ad- 
ditional genes in the yeast genome that 
shared this expression profile [including 
HSP30, ALD2, OM45, and 10 uncharac- 
terized ORFs {25)], nine contained one or 
more recognizable STRE sites in their up- 
stream regions. 

The heterotrimeric transcriptional acti- 
vator complex HAP2 t 3,4 has been shown 
to be responsible for induction of several 
genes important for respiration (26-28). 
This complex binds a degenerate consensus 
sequence known as the CCAAT box (26). 
Computer analysis, using the consensus se- 
quence TNRYTGGB (29), has suggested 
that a large number of genes involved in 
respiration may be specific targets of 
HAP2,3,4 (30). Indeed, a putative 
HAP2,3,4 binding site could be found in 
the sequences upstream of each of the seven 
cytochrome c— related genes that showed 
the greatest magnitude of induction (Fig. 
5D). Of 12 additional cytochrome c-related 
genes that were induced, HAP2 } 3 t 4 binding 
sites were present in all but one. Signifi- 
cantly, we found that transcription of 
HAP4 itself was induced nearly ninefold 
concomitant with the diauxic shift. 

Control of ribosomal protein biogenesis 
is mainly exerted at the transcriptional 
level, through the presence of a common 
upstream-activating element (UAS ) 
that is recognized by the Rap! DNA-bind- 
ing protein (31, 32). The expression pro- 
files of seven ribosomal proteins are shown 
in Fig. 5F. A search of the sequences 
upstream of all seven genes revealed con- 
sensus Rapl-binding motifs (33). It has 
been suggested that declining Rapl levels 
in the cell during starvation may be re- 
sponsible for the decline in ribosomal pro- 
tein gene expression (34)- Indeed, we ob- 
served that the abundance of RAP J 
mRNA diminished by 4.4-fold, at about 
the time of glucose exhaustion. 

Of the 149 genes that encode known or 
putative transcription factors, only two, 
HAP4 and S/P4, were induced by a factor of 
more than threefold at the diauxic shift. 
S/P4 encodes a DNA-binding transcrip- 
tional activator that has been shown to 
interact with Snfl , the "master regulator" of 
glucose repression (35). The eightfold in- 
duction of SIP4 upon depletion of glucose 
strongly suggests a role in the induction of 



downstream genes at the diauxic shift. 

Although most of the transcriptional 
responses that we observed were not pre- 
viously known, the responses of many 
genes during the diauxic shift have been 
described. Comparison of the results we 
obtained by DNA microarray hybridiza- 
tion with previously reported results there- 
fore provided a strong test of the sensitiv- 
ity and accuracy of this approach. The 
expression patterns we observed for previ- 
ously characterized genes showed almost 
perfect concordance with previously pub- 
lished results (36). Moreover, the differ- 
ential expression measurements obtained 
by DNA microarray hybridization were re- 
producible in duplicate experiments. For 
example, the remarkable changes in gene 
expression between cells harvested imme- 
diately after inoculation and immediately 
after the diauxic shift (the first and sixth 
intervals in this time series) were mea- 
sured in duplicate, independent DNA mi- 
croarray hybridizations. The correlation 
coefficient for two complete sets of expres- 
sion ratio measurements was 0.87, and for 
more than 95% of the genes, the expres- 



sion ratios measured in these duplicate 
experiments differed by less than a factor 
of 2. However, in a few cases, there were 
discrepancies between our results and pre- 
vious results, pointing to technical limita- 
tions that will need to be addressed as 
DNA microarray technology advances 
(37, 38). Despite the noted exceptions, 
the high concordance between the results 
we obtained in these experiments and 
those of previous studies provides confi- 
dence in the reliability and thoroughness 
of the survey. 

The changes in gene expression during 
this diauxic shift are complex and involve 
integration of many kinds of information 
about the nutritional and metabolic state 
of the cell. The large number of genes 
whose expression is altered and the diver- 
sity of temporal expression profiles ob- 
served in this experiment highlight the 
challenge of understanding the underlying 
regulatory mechanisms. One approach to 
defining the contributions of individual 
regulatory genes to a complex program of 
this kind is to use DNA microarrays to 
identify genes whose expression is affected 



Fig. 2. The section of the ar- 
ray indicated by the gray box 
in Fig. 1 is shown for each of 
the experiments described 
here. Representative genes 
are labeled. In each of the ar- 
rays used to analyze gene 
expression during the diauxic 
shift, red spots represent 
genes that were induced rel- 
ative to the initial timepoint, 
and green spots represent 
genes that were repressed 
relative to the initial timepoint. 
In the arrays used to analyze 
the effects of the tupl A mu- 
tation and YAP1 overexpres- 
sion, red spots represent 
genes whose expression was 
increased, and green spots 
represent genes whose ex- 
pression was decreased by 
the genetic modification. Note 
that distinct sets of genes are 
induced and repressed in the 
different experiments. The 
complete images of each of 
these arrays can be viewed on 
the Internet (73). Cell density 
as measured by optical densi- 
ty (OD) at 600 nm was used to 
measure the growth of the 
culture. 
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by mutations in each putative regulatory 
gene. As a test of this strategy, we analyzed 
the genomewide changes in gene expression 
that result from deletion of the TUP I gene. 
Transcriptional repression of many genes by 
glucose requires the DNA-binding repressor 



Migl and is mediated by recruiting the tran- 
scriptional co-repressors Tup I and Cyc8/ 
Ssn6 (39). Tupl has also been implicated in 
repression of oxygen-regulated, mating-type- 
specific, and DNA-damage-inducible genes 
(40). 
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Fig. 3. Metabolic reprogramming inferred from global analysis of changes in gene expression. Only key 
metabolic intermediates are identified. The yeast genes encoding the enzymes that catalyze each step 
in this metabolic circuit are identified by name in the boxes. The genes encoding succinyl-CoA synthase 
and glycogen-debranching enzyme have not been explicitly identified, but the ORFs YGR244 and 
YPR184 show significant homology to known succinyl-CoA synthase and glycogen-debranching en- 
zymes, respectively, and are therefore included in the corresponding steps in this figure. Red boxes with 
white lettering identify genes whose expression increases in the diauxic shift. Green boxes with dark 
green lettering identify genes whose expression diminishes in the diauxic shift. The magnitude of 
induction or repression is indicated for these genes. For multimeric enzyme complexes, such as 
succinate dehydrogenase, the indicated fold-induction represents an unweighted average of all the 
genes listed in the box. Black and white boxes indicate no significant differential expression (less than 
twofold). The direction of the arrows connecting reversible enzymatic steps indicate the direction of the 
flow of metabolic intermediates, inferred from the gene expression pattern, after the diauxic shift. Arrows 
representing steps catalyzed by genes whose expression was strongly induced are highlighted in red. 
The broad gray arrows represent major increases in the flow of metabolites after the diauxic shift, 
inferred from the indicated changes in gene expression. 



Wild-type yeast cells and cells bearing 
a deletion of the TUP J gene (tupl A) were 
grown in parallel cultures in rich medium 
containing glucose as the carbon source. 
Messenger RNA was isolated from expo- 
nentially growing cells from the two pop- 
ulations and used to prepare cDNA la- 
beled with Cy3 (green) and Cy5 (red), 
respectively (i J). The labeled probes were 
mixed and simultaneously hybridized to 
the microarray. Red spots on the microar- 
ray therefore represented genes whose 
transcription was induced in the tup] A 
strain, and thus presumably repressed by 
Tupl (40- A representative section of the 
microarray (Fig- 2, bottom middle panel) 
illustrates that the genes whose expression 
was affected by the tupl A mutation, were, 
in general, distinct from those induced 
upon glucose exhaustion (complete images 
of all the arrays shown in Fig. 2 are avail- 
able on the Internet {13)]. Nevertheless, 
34 (10%) of the genes that were induced 
by a factor of at least 2 after the diauxic 
shift were similarly induced by deletion of 
TUPJ , suggesting that these genes may be 
subject to TUP 1 -mediated repression by 
glucose. For example, SUC2, the gene en- 
coding invertase, and all five hexose trans- 
porter genes that were induced during the 
course of the diauxic shift were similarly 
induced, in duplicate experiments, by the 
deletion of TUP I. 

The set of genes affected by Tupl in this 
experiment also included ot-glucosidases, 
the mating- type-specific genes MFAJ and 
MFA2, and the DNA damage-inducible 
RNR2 and RNR4, as well as genes involved 
in flocculation and many genes of unknown 
function. The hybridization signal corre- 
sponding to expression of TUP I itself was 
also severely reduced because of the (in- 
complete) deletion of the transcription unit 
in the tup] A strain, providing a positive 
control in the experiment (42). 

Many of the transcriptional targets of 
Tupl fell into sets of genes with related 
biochemical functions. For instance, al- 
though only about 3% of all yeast genes 
appeared to be TUP! -repressed by a factor 
of more than 2 in duplicate experiments 
under these conditions, 6 of the 13 genes 
that have been implicated in flocculation 
(15) showed a reproducible increase in 
expression of at least twofold when TUPJ 
was deleted. Another group of related 
genes that appeared to be subject to TUPJ 
repression encodes the serine-rich cell 
wall mannoproteins, such as Tipl and 
Tirl/Srpl which are induced by cold 
shock and other stresses (43), and similar, 
serine-poor proteins, the seripauperins 
(44). Messenger RNA levels for 23 of the 
26 genes in this group were reproducibly 
elevated by at least 2.5-fold in the tupl A 
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strain, and 18 of these genes were induced 
by more than sevenfold when TUP I was 
deleted. In contrast, none of 83 genes that 
could be classified as putative regulators of 
the cell division cycle were induced more 
than twofold by deletion of TUPL Thus, 
despite the diversity of the regulatory sys- 
tems that employ Tupl, most of the genes 
that it regulates under these conditions 
fall into a limited number of distinct func- 
tional classes. 

Because the microarray allows us to 
monitor expression of nearly every gene in 
yeast, we can, in principle, use this ap- 
proach to identify all the transcriptional 
targets of a regulatory protein like Tupl. It 
is important to note, however, that in any 
single experiment of this kind we can only 
recognize those target genes that are nor- 
mally repressed (or induced) under the 
conditions of the experiment. For in- 
stance, the experiment described here an- 
alyzed a MAT a strain in which MFAl 
and MFA2, the genes encoding the a- 
factor mating pheromone precursor, are 
normally repressed. In the isogenic cupJA 
strain, these genes were inappropriately 
expressed, reflecting the role that Tupl 
plays in their repression. Had we instead 
carried out this experiment with a MATA 
strain (in which expression of M FA J and 
MFA2 is not repressed), it would not have 
been possible to conclude anything re- 
garding the role of Tupl in the repression 
of these genes. Conversely, we cannot dis- 
tinguish indirect effects of the chronic 
absence of Tupl in the mutant strain from 
effects directly attributable to its partici- 
pation in repressing the transcription of a 
gene. 

Another simple route to modulating the 
activity of a regulatory factor is to ove rex- 
press the gene that encodes it. YAP I en- 
codes a DNA-binding transcription factor 
belonging to the b-zip class of DNA-bind- 
ing proteins. Overexpression of YAPI in 
yeast confers increased resistance to hydro- 
gen peroxide, o-phenanthroline, heavy 
metals, and osmotic stress (45). We ana- 
lyzed differential gene expression between a 
wild-type strain bearing a control plasmid 
and a strain with a plasmid expressing YAPI 
under the control of the strong GAL] -JO 
promoter, both grown in galactose (that is, 
a condition that induces YAPI overexpres- 
sion). Complementary DNA from the con- 
trol and YAPJ overexpressing strains, la- 
beled with Cy3 and Cy5, respectively, was 
prepared from mRNA isolated from the two 
strains and hybridized to the microarray. 
Thus, red spots on the array represent genes 
that were induced in the strain overexpress- 
ing YAPi. 

Of the 17 genes whose mRNA levels 
increased by more than threefold when 



YAPI was ove rex pressed in this way, five 
bear homology to aryl-alcohol oxidoreduc- 
tases (Fig. 2 and Table 1). An additional 
four of the genes in this set also belong to 
the general class of dehydrogenases/oxi- 
doreductases. Very little is known about 
the role of aryl-alcohol oxidoreductases in 
S. cerevisiae, but these enzymes have been 
isolated from ligninolytic fungi, in which 
they participate in coupled redox reac- 
tions, oxidizing aromatic, and aliphatic 
unsaturated alcohols to aldehydes with the 
production of hydrogen peroxide (46, 47). 
The fact that a remarkable fraction of the 
targets identified in this experiment be- 
long to the same small, functional group of 
oxidoreductases suggests that these genes 



might play an important protective role 
during oxidative stress. Transcription of a 
small number of genes was reduced in the 
strain overexpressing Yapl. Interestingly, 
many of these genes encode sugar per- 
meases or enzymes involved in inositol 
metabolism. 

We searched for Yapl -binding sites 
(TTACTAA or TGACTAA) in the se- 
quences upstream of the target genes we 
identified (48). About two-thirds of the 
genes that were induced by more than 
threefold upon Yapl overexpression had 
one or more binding sites within 600 bases 
upstream of the start codon (Table 1), sug- 
gesting that they are directly regulated by 
Yapl. The absence of canonical Yapl-bind- 
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Fig. 4. Coordinated reg- 
ulation of functionally re- 
lated genes. The curves 
represent the average in- 
duction or repression ra- 
tios for all the genes in 
each indicated group. 
The total number of 
genes in each group was 
as follows: ribosomal 
proteins, 1 1 2; translation 
elongation and initiation 

factors, 25; tRNA synthetases (excluding mitochondial synthetases), 17; glycogen and trehalose syn- 
thesis and degradation, 1 5; cytochrome c oxidase and reductase proteins, 1 9; and TCA- and glyoxy- 
late-cycle enzymes, 24. 

Table 1 . Genes induced by YAPI overexpression. This list includes all the genes for which mRNA levels 
increased by more than twofold upon YAP1 overexpression in both of two duplicate experiments, and 
for which the average increase in mRNA level in the two experiments was greater than threefold (50). 
Positions of the canonical Yapl binding sites upstream of the start codon, when present, and the 
average fold-increase in mRNA levels measured in the two experiments are indicated. 
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rng sites upstream of the others may reflect 
an ability of Yapl to bind sites that differ 
from the canonical binding sites, perhaps in 
cooperation with other factors, or less like- 
ly, may represent an indirect effect of Yapl 
overexpression, mediated by one or more 
intermediary factors. Yapl sites were found 
only four times in the corresponding region 
of an arbitrary set of 30 genes that were not 
differentially regulated by Yapl. 

Use of a DNA microarray to character- 
ize the transcriptional consequences of 
mutations affecting the activity of regula- 
tory molecules provides a simple and pow- 
erful approach to dissection and character- 
ization of regulatory pathways and net- 



works. This strategy also has an important 
practical application in drug screening. 
Mutations in specific genes encoding can- 
didate drug targets can serve as surrogates 
for the ideal chemical inhibitor or modu- 
lator of their activity. DNA microarrays 
can be used to define the resulting signa- 
ture pattern of alterations in gene expres- 
sion, and then subsequently used in an 
assay to screen for compounds that repro- 
duce the desired signature pattern. 

DNA microarrays provide a simple and 
economical way to explore gene expres- 
sion patterns on a genomic scale. The 
hurdles to extending this approach to any 
other organism are minor. The equipment 
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Fig. 5. Distinct temporal patterns of induction or repression help to group genes that share regulatory 
properties. (A) Temporal profile of the cell density, as measured by OD at 600 nm and glucose 
concentration in the media. (B) Seven genes exhibited a strong induction (greater than ninefold) only at 
the last timepoint (20.5 hours). With the exception of IDP2. each of these genes has a CSRE UAS. There 
were no additional genes observed to match this profile. (C) Seven members of a class of genes marked 
by early induction with a peak in mRNA levels at 18.5 hours. Each of these genes contain STRE motif 
repeats in their upstream promoter regions. (D) Cytochrome c oxidase and ubiquinol cytochrome c 
reductase genes. Marked by an induction coincident with the diauxic shift, each of these genes contains 
a consensus binding motif for the HAP2,3,4 protein complex. At least 17 genes shared a similar 
expression profile. (E) SAM1, GPP1, and several genes ot unknown function are repressed before the 
diauxic shift, and continue to be repressed upon entry into stationary phase. (F) Ribosomal protein 
genes comprise a large class of genes that are repressed upon depletion of glucose. Each of the genes 
profiled here contains one or more RAP1 -binding motifs upstream of its promoter. RAP1 is a transcrip- 
tional regulator of most ribosomal proteins. 



required for fabricating and using DNA 
microarrays (9) consists of components 
that were chosen for their modest cost and 
simplicity. It was feasible for a small group 
to accomplish the amplification of more 
than 6000 genes in about 4 months and, 
once the amplified gene sequences were in 
hand, only 2 days were required to print a 
set of 110 microarrays of 6400 elements 
each. Probe preparation, hybridization, 
and fluorescent imaging are also simple 
procedures. Even conceptually simple ex- 
periments, as we described here, can yield 
vast amounts of information. The value of 
the information from each experiment of 
this kind will progressively increase as 
more is learned about the functions of 
each gene and as additional experiments 
define the global changes in gene expres- 
sion in diverse other natural processes and 
genetic perturbations. Perhaps the greatest 
challenge now is to develop efficient 
methods for organizing, distributing, inter- 
preting, and extracting insights from the 
large volumes of data these experiments 
will provide. 
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Exploring the Metabolic and Genetic Control of 
Gene Expression on a Genomic Scale 

Joseph L DeRisi, Vishwanath R. Iyer, Patrick O. Brown* 

DNA microarrays containing virtually every gene of Saccharomyces cerevisiae were used 
to carry out a comprehensive investigation of the temporal program of gene expression 
accompanying the metabolic shift from fermentation to respiration. The expression 
profiles observed for genes with known metabolic functions pointed to features of the 
metabolic reprogramming that occur during the diauxic shift, and the expression patterns 
of many previously uncharacterized genes provided clues to their possible functions. The 
same DNA microarrays we];e also used to identify genes whose expression was affected 
by deletion of the transcriptional co-repressor TUP1 or overexpression of the transcrip- 
tional activator YAP1. These results demonstrate the feasibility and utility of this ap- 
proach to genomewide exploration of gene expression patterns. 



Xhe complete sequences of nearly a dozen 
microbial genomes are known, and in the 
next several years we expect to know the 
complete genome sequences of several 
metazoans, including the human genome. 
Defining the role of each gene in these 
genomes will be a formidable task, and un- 
derstanding how the genome functions as a 
whole in the complex natural history of a 
living organism presents an even greater 
challenge. 

Knowing when and where a gene is 
expressed often provides a -strong clue as to 
its biological role. Conversely, the pattern 
of genes expressed in a cell can provide 
detailed information about its state. Al- 
though regulation of protein abundance in 
a cell is by no means accomplished solely 
by regulation of mRNA, virtually all dif- 
ferences in cell type or state are correlated 
with changes in the mRNA levels of many 
genes. This is fortuitous because the only 
specific reagent required to measure the 
abundance of the mRNA for a specific 
gene is a cDNA sequence. DNA microar- 
rays, consisting of thousands of individual 
gene sequences printed in a high-density 
array on a glass microscope slide (1, 2), 
provide a practical and economical tool 
for studying gene expression on a very 
large scale (3-6). 

Saccharomyces cerevisiae is an especially 
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favorable organism in which to conduct a 
systematic investigation of gene expression. 
The genes are easy to recognize in the ge- 
nome sequence, cis regulatory elements are 
generally compact and close to the tran- 
scription units, much is already known 
about its genetic regulatory mechanisms, 
and a powerful set of tools is available for its 
analysis. 

A recurring cycle in the natural history 
of yeast involves a shift from anaerobic 
(fermentation) to aerobic (respiration) me- 
tabolism. Inoculation of yeast into a medi- 
um rich in sugar is followed by rapid growth 
fueled by fermentation, with the production 
of ethanol. When the fermen table sugar is 
exhausted, the yeast cells turn to ethanol as 
a carbon source for aerobic growth. This 
switch from anaerobic growth to aerobic 
respiration upon depletion of glucose, re- 
ferred to as the diauxic shift, is correlated 
with widespread changes in the expression 
of genes involved in fundamental cellular 
processes such as carbon metabolism, pro- 
tein synthesis, and carbohydrate storage 
(7). We used DNA microarrays to charac- 
terize the changes in gene expression that 
take place during this process for nearly the 
entire genome, and to investigate the ge- 
netic circuitry that regulates and executes 
this program. 

Yeast open reading frames (ORFs) were 
amplified by the polymerase chain reaction 
(PCR), with a commercially available set of 
primer pairs (8). DNA microarrays, con- 
taining approximately 6400 distinct DNA 
sequences, were printed onto glass slides by 



using a simple robotic printing device (9). 
Cells from an exponentially growing culture 
of yeast were inoculated into fresh medium 
and grown at 30°C for 21 hours. After an 
initial 9 hours of growth, samples were har- 
vested at seven successive 2-hour intervals, 
and mRNA was isolated (10). Fluorescently 
labeled cDN A was prepared by reverse tran- 
scription in the presence of Cy3(green)- 
or Cy5( red) -labeled deoxyuridine triphos- 
phate (dUTP) ( I i ) and then hybridized to 
the microarrays ( J 2). To maximize the re- 
liability with which changes in expression 
levels could be discerned, we labeled cDNA 
prepared from cells at each successive time 
point with Cy5, then mixed it with a Cy3- 
labeled "reference" cDNA sample prepared 
from cells harvested at the first interval 
after inoculation. In this experimental de- 
sign, the relative fluorescence intensity 
measured for the Cy3 and Cy5 fluors at 
each array element provides a reliable mea- 
sure of the relative abundance of the corre- 
sponding mRNA in the two cell popula- 
tions (Fig. 1). Data from the series of seven 
samples (Fig. 2), consisting of more than 
43 ,000 expression- ratio measurements, 
were organized into a database to facilitate 
efficient exploration and analysis of the 
results. This database is publicly available 
on the Internet (13). 

During exponential growth in glucose- 
rich medium, the global pattern of gene 
expression was remarkably stable. Indeed, 
when gene expression patterns between the 
first two cell samples (harvested at a 2-hour 
interval) were compared, mRNA levels dif- 
fered by a factor of 2 or more for only 19 
genes (0.3%), and the largest of these dif- 
ferences was only 2.7-fold ( 14). However, as 
glucose was progressively depleted from the 
growth media during the course of the ex- 
periment, a marked change was seen in the 
global pattern of gene expression. mRNA 
levels for approximately 710 genes were 
induced by a factor of at least 2, and the 
mRNA levels for approximately 1030 genes 
declined by a factor of at least 2. Messenger 
RNA levels for 183 genes increased by a 
factor of at least 4, and mRNA levels for 
203 genes diminished by a factor of at least 
4- About half of these differentially ex- 
pressed genes have no currently recognized 
function and are not yet named. Indeed, 
more than 400 of the differentially ex- 
pressed genes have no apparent homology 
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to any gene whose function is known {15). 
The responses of these previously unchar- 
acterized genes to the diauxic shift therefore 
provides the first small clue to their possible 
roles. 

The global view of changes in expres- 
sion of genes with known functions pro- 
vides a vivid picture of the way in which 
the cell adapts to a changing environ- 
ment. Figure 3 shows a portion of the yeast 
metabolic pathways involved in carbon 
and energy metabolism. Mapping the 
changes we observed in the mRNAs en- 
coding each enzyme onto this framework 
allowed us to infer the redirection in the 
flow of metabolites through this system. 
We observed large inductions of the genes 
coding for the enzymes aldehyde dehydro- 
genase (ALD2) and acetyl-coenzyme 
A(CoA) synthase (ACS J), which func- 
tion together to convert the products of 
alcohol dehydrogenase into acetyl-CoA, 
which in turn is used to fuel the tricarbox- 
ylic acid (TCA) cycle and the glyoxylate 
cycle. The concomitant shutdown of tran- 
scription of the genes encoding pyruvate 
decarboxylase and induction of pyruvate 
carboxylase rechannels pyruvate away 
from acetaldehyde, and instead to oxalac- 
etate, where it can serve to supply the 
TCA cycle and gluconeogenesis. Induc- 
tion of the pivotal genes PCKI, encoding 
phosphoenoipyruvate carboxykinase, and 
FBP1 } encoding fructose 1,6-biphos- 
phatase, switches the directions of two key 
irreversible steps in glycolysis, reversing 
the flow of metabolites along the revers- 
ible steps of the glycolytic pathway toward 
the essential biosynthetic precursor, glu- 
coses-phosphate. Induction of the genes 
coding for the trehalose synthase and gly- 
cogen synthase complexes promotes chan- 
neling of glucose-6-phosphate into these 
carbohydrate storage pathways. 

Just as the changes in expression of 
genes encoding pivotal enzymes can pro- 
vide insight into metabolic reprogram- 
ming, the behavior of large groups of func- 
tionally related genes can provide a broad 
view of the systematic way in which the 
yeast cell adapts to a changing environ- 
ment (Fig. 4). Several classes of genes, 
such as cytochrome c-related genes and 
those involved in the TCA/glyoxylate cy- 
cle and carbohydrate storage , were coord i- 
nately induced by glucose exhaustion. In 
contrast, genes devoted to protein synthe- 
sis, including ribosomal proteins, tRNA 
synthetases, and translation, elongation, 
and initiation factors, exhibited a coordi- 
nated decrease in expression. More than 
95% of ribosomal genes showed at least 
twofold decreases in expression during the 
diauxic shift (Fig. 4) (13). A noteworthy 
and illuminating exception was that the 



genes encoding mitochondrial ribosomal 
genes were generally induced rather than 
repressed after glucose limitation, high- 
lighting the requirement for mitchondrial 
biogenesis (13). As more is learned about 
the functions of every gene in the yeast 
genome, the ability to gain insight into a 
cell's response to a changing environment 
through its global gene expression patterns 
will become increasingly powerful. 

Several distinct temporal patterns of ex- 
pression could be recognized, and sets of 
genes could be grouped on the basis of the 
similarities in their expression patterns. The 
characterized members of each of these 
groups also shared important similarities in 
their functions. Moreover, in most cases, 
common regulatory mechanisms could be 
inferred for sets of genes with similar expres- 
sion profiles. For example, seven genes 
showed a late induction profile, with mRNA 
levels increasing by more than ninefold at 



the last timepoint but less than threefold at 
the preceding timepoint (Fig. 5B). All of 
these genes were known to be glucose-re- 
pressed, and five of the seven were previously 
noted to share a common upstream activat- 
ing sequence (UAS), the carbon source re- 
sponse element (CSRE) (16-20). A search 
in the promoter regions of the remaining two 
genes, ACRJ and IDP2, revealed that 
ACRI, a gene essential for ACS] activity, 
also possessed a consensus CSRE motif, but 
interestingly, 1DP2 did not. A search of the 
entire yeast genome sequence for the con- 
sensus CSRE motif revealed only four addi- 
tional candidate genes, hone of which 
showed a similar induction. 

Examples from additional groups of 
genes that shared expression profiles are 
illustrated in Fig. 5, C through F. The 
sequences upstream of the named genes in 
Fig. 5C all contain stress response ele- 
ments (STRE), and with the exception 
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Fig. 1. Yeast genome microarray. The actual size of the microarray is 18 mm by 18 mm. The 
microarray was printed as described (9). This image was obtained with the same fluorescent 
scanning confocal microscope used to collect all the data we report (49). A fluorescently labeled 
cDNA probe was prepared from mRNA isolated from cells harvested shortly after inoculation (culture 
density of <5 x 10 6 cells/ml and media glucose level of 19 g/liter) by reverse transcription in the 
presence of Cy3-dUTP. Similarly, a second probe was prepared from mRNA isolated from cells taken 
from the same culture 9.5 hours later (culture density of —2 x 10 8 cells/ml, with a glucose level of 
<0.2 g/liter) by reverse transcription in the presence of Cy5-dUTP. In this image, hybridization of the 
Cy3-dUTP-)abeled cDNA (that is, mRNA expression at the initial timepoint) is represented as a green 
signal, and hybridization of Cy5-dUTP-labeled cDNA (that is, mRNA expression at 9,5 hours) is 
represented as a red signal. Thus, genes induced or repressed after the diauxic shift appear in this 
image as red and green spots, respectively. Genes expressed at roughly equal levels before and after 
the diauxic shift appear in this image as yellow spots. 
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of HSP42, have previously been shown to 
be controlled at least in part by these 
elements (21-24). Inspection of the se- 
quences upstream of HSP42 and the two 
uncharacterized genes shown in Fig. 5C, 
YKL026c, a hypothetical protein with 
similarity to glutathione peroxidase, and 
YGR043c, a putative transaldolase, re- 
vealed that each of these genes also pos- 
sess repeated upstream copies of the stress- 
responsive CCCCT motif. Of the 13 ad- 
ditional genes in the yeast genome that 
shared this expression profile [including 
HSP30, ALD2, OM45, and 10 uncharac- 
terized ORFs (25)], nine contained one or 
more recognizable STRE sites in their up- 
stream regions. 

The heterotrimeric transcriptional acti- 
vator complex HAP2,3,4 has been shown 
to be responsible for induction of several 
genes important for respiration (26-28). 
This complex binds a degenerate consensus 
sequence known as the CCAAT box (26). 
Computer analysis, using the consensus se- 
quence TNRYTGGB (29), has suggested 
that a large number of genes involved in 
respiration may be specific targets of 
HAP2,3,4 (30). Indeed, a putative 
HAP2,3,4 binding site could be found in 
the sequences upstream of each of the seven 
cytochrome c-related genes that showed 
the greatest magnitude of induction (Fig. 
5D). Of 12 additional cytochrome c-related 
genes that were induced, HAP2,3,4 binding 
sites were present in all but one. Signifi- 
cantly, we found that transcription of 
HAP4 itself was induced nearly ninefold 
concomitant with the diauxic shift. 

Control of ribosomal protein biogenesis 
is mainly exerted at the transcriptional 
level, through the presence of a common 
upstream-activating element (UAS ) 
that is recognized by the Rapl DNA-bind- 
ing protein (31 , 32). The expression pro- 
files of seven ribosomal proteins are shown 
in Fig. 5F. A search of the sequences 
upstream of all seven genes revealed con- 
sensus Rapl -binding motifs (33). It has 
been suggested that declining Rapl levels 
in the cell during starvation may be re- 
sponsible for the decline in ribosomal pro- 
tein gene expression (34)- Indeed, we ob- 
served that the abundance of RAP1 
mRNA diminished by 4.4-fold, at about 
the time of glucose exhaustion. 

Of the 149 genes that encode known or 
putative transcription factors, only two, 
HAP4 and S/P4, were induced by a factor of 
more than threefold at the diauxic shift. 
S/P4 encodes a DNA-binding transcrip- 
tional activator that has been shown to 
interact with Snfl , the "master regulator" of 
glucose repression (35). The eightfold in- 
duction of SIP4 upon depletion of glucose 
strongly suggests a role in the induction of 



downstream genes at the diauxic shift. 

Although most of the transcriptional 
responses that we observed were not pre- 
viously known, the responses of many 
genes during the diauxic shift have been 
described. Comparison of the results we 
obtained by DNA microarray hybridiza- 
tion with previously reported results there- 
fore provided a strong test of the sensitiv- 
ity and accuracy of this approach. The 
expression patterns we observed for previ- 
ously characterized genes showed almost 
perfect concordance with previously pub- 
lished results (36). Moreover, the differ- 
ential expression measurements obtained 
by DNA microarray hybridization were re- 
producible in duplicate experiments. For 
example, the remarkable changes in gene 
expression between cells harvested imme- 
diately after inoculation and immediately 
after the diauxic shift (the first arid sixth 
intervals in this time series) were mea- 
sured in duplicate, independent DNA mi- 
croarray hybridizations. The correlation 
coefficient for two complete sets of expres- 
sion ratio measurements was 0.87, and for 
more than 95% of the genes, the expres- 



sion ratios measured in these duplicate 
experiments differed by less than a factor 
of 2. However, in a few cases, there were 
discrepancies between our results and pre- 
vious results, pointing to technical limita- 
tions that will need to be addressed as 
DNA microarray technology advances 
(37, 38). Despite the noted exceptions, 
the high concordance between the results 
we obtained in these experiments and 
those of previous studies provides confi- 
dence in the reliability and thoroughness 
of the survey. 

The changes in gene expression during 
this diauxic shift are complex and involve 
integration of many kinds of information 
about the nutritional and metabolic state 
of the cell. The large number of genes 
whose expression is altered and the diver- 
sity of temporal expression profiles ob- 
served in this experiment highlight the 
challenge of understanding the underlying 
regulatory mechanisms. One approach to 
defining the contributions of individual 
regulatory genes to a complex program of 
this kind is to use DNA microarrays to 
identify genes whose expression is affected 



Fig. 2, The section of the ar- 
ray indicated by the gray box 
in Ftg. 1 is shown for each of 
the experiments described 
here. Representative genes 
are labeled. In each of the ar- 
rays used to analyze gene 
expression during the diauxic 
shift, red spots represent 
genes that were induced rel- 
ative to the initial timepoint, 
and green spots represent 
genes that were repressed 
relative to the initial timepoint. 
In the arrays used to analyze 
the effects of the top 7 A mu- 
tation and YAP1 overexpres- 
sion t red spots represent 
genes whose expression was 
increased, and green spots 
represent genes whose ex- 
pression was decreased by 
the genetic modification. Note 
that distinct sets of genes are 
induced and repressed in the 
different experiments. The 
complete images of each of 
these arrays can be viewed on 
the Internet (73). Cell density 
as measured by optical densi- 
ty (OD) at 600 nm was used to 
measure the growth of the 
culture. 
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by mutations in each putative regulatory 
gene. As a test of this strategy, we analyzed 
the genomewide changes in gene expression 
that result from deletion of the TUP I gene. 
Transcriptional repression of many genes by 
glucose requires the DNA-binding repressor 



Migl and is mediated by recruiting the tran- 
scriptional co-repressors Tup I and Cyc8/ 
Ssn6 (39). Tupl has also been implicated in 
repression of oxygen-regulated, mating-type- 
specific, and DNA-damage-inducible genes 
(40). 
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Fig. 3. Metabolic reprogramming inferred from global analysis of changes in gene expression. Onty key 
metabolic intermediates are identified. The yeast genes encoding the enzymes that catalyze each step 
in this metabolic circuit are identified by name in the boxes. The genes encoding succinyl-CoA synthase 
and glycogen-debranching enzyme have not been explicitly identified, but the ORFs YGR244 and 
YPR184 show significant homology to known succinyl-CoA synthase and glycogen-debranching en- 
zymes, respectively, and are therefore included in the corresponding steps in this figure. Red boxes with 
white lettering identify genes whose expression increases in the diauxic shift. Green boxes with dark 
green lettering identify genes whose expression diminishes in the diauxic shift. The magnitude of 
induction or repression is indicated for these genes. For multimeric enzyme complexes, such as 
succinate dehydrogenase, the indicated fold-induction represents an unweighted average of all the 
genes listed in the box. Black and white boxes indicate no significant differential expression (less than 
twofold). The direction of the arrows connecting reversible enzymatic steps indicate the direction of the 
flow of metabolic intermediates, inferred from the gene expression pattern, after the diauxic shift. Arrows 
representing steps catalyzed by genes whose expression was strongly induced are highlighted in red. 
The broad gray arrows represent major increases in the flow of metabolites after the diauxic shift, 
inferred from the indicated changes in gene expression. 



Wild-type yeast cells and cells bearing 
a deletion of the TUPJ gene (tuplk) were 
grown in parallel cultures in rich medium 
containing glucose as the carbon source. 
Messenger RNA was isolated from expo- 
nentially growing cells from the two pop- 
ulations and used to prepare cDNA la- 
beled with Cy3 (green) and Cy5 (red), 
respectively ( J f ). The labeled probes were 
mixed and simultaneously hybridized to 
the microarray. Red spots on the microar- 
ray therefore represented genes whose 
transcription was induced in the tupJA 
strain, and thus presumably repressed by 
Tupl (41 )- A representative section of the 
microarray (Fig. 2, bottom middle panel) 
illustrates that the genes whose expression 
was affected by the tup J A mutation, were, 
in general, distinct from those induced 
upon glucose exhaustion (complete images 
of all the arrays shown in Fig. 2 are avail- 
able on the Internet (13)}. Nevertheless, 
34 (10%) of the genes that were induced 
by a factor of at least 2 after the diauxic 
shift were similarly induced by deletion of 
TUPJ , suggesting that these genes may be 
subject to TUPJ -mediated repression by 
glucose- For example, SUC2, the gene en- 
coding invertase, and all five hexose trans- 
porter genes that were induced during the 
course of the diauxic shift were similarly 
induced, in duplicate experiments, by the 
deletion of TUPJ. 

The set of genes affected by Tupl in this 
experiment also included a-glucosidases, 
the mating- type-specific genes MFAJ and 
MFA2, and the DNA damage-inducible 
RNR2 and RNR4, as well as genes involved 
in flocculation and many genes of unknown 
function. The hybridization signal corre- 
sponding to expression of TUPJ itself was 
also severely reduced because of the (in- 
complete) deletion of the transcription unit 
in the tupJA strain, providing a positive 
control in the experiment (42). 

Many of the transcriptional targets of 
Tupl fell into sets of genes with related 
biochemical functions. For instance, al- 
though only about 3% of all yeast genes 
appeared to be TUPJ -repressed by a factor 
of more than 2 in duplicate experiments 
under these conditions, 6 of the 13 genes 
that have been implicated in flocculation 
(15) showed a reproducible increase in 
expression of at least twofold when TUPJ 
was deleted. Another group of related 
genes that appeared to be subject to TUPJ 
repression encodes the serine-rich cell 
wall mannoproteins, such as Tipl and 
Tirl/Srpl which are induced by cold 
shock and other stresses (43), and similar, 
serine-poor proteins, the seripauperins 
(44). Messenger RNA levels for 23 of the 
26 genes in this group were reproducibly 
elevated by at least 2.5-fold in the tup J A 
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strain, and 18 of these genes were induced 
by more than sevenfold when TUP1 was 
deleted. In contrast, none of 83 genes that 
could be classified as putative regulators of 
the cell division cycle were induced more 
than twofold by deletion of TUPl. Thus, 
despite the diversity of the regulatory sys- 
tems that employ Tupl, most of the genes 
that it regulates under these conditions 
fall into a limited number of distinct func- 
tional classes. 

Because the microarray allows us to 
monitor expression of nearly every gene in 
yeast, we can, in principle, use this ap- 
proach to identify all the transcriptional 
targets of a regulatory protein like Tupl. It 
is important to note, however, that in any 
single experiment of this kind we can only 
recognize those target genes that are nor- 
mally repressed (or induced) under the 
conditions of the experiment. For in- 
stance, the experiment described here an- 
alyzed a MAT a strain in which MFAJ 
and MFA2, the genes encoding the a- 
Tactor mating pheromone precursor, are 
normally repressed. In the isogenic tupl A 
strain, these genes were inappropriately 
expressed, reflecting the role that Tupl 
plays in their repression. Had we instead 
carried out this experiment with a MATA 
strain (in which expression of MFA] and 
MFA2 is not repressed), it would not have 
been possible to conclude anything re- 
garding the role of Tupl in the repression 
of these genes. Conversely, we cannot dis- 
tinguish indirect effects of the chronic 
absence of Tupl in the mutant strain from 
effects directly attributable to its partici- 
pation in repressing the transcription of a 
gene. 

Another simple route to modulating the 
activity of a regulatory factor is to ove rex- 
press the gene that encodes it. YAP I en- 
codes a DNA-binding transcription factor 
belonging to the b-zip class of DNA-bind- 
ing proteins. Overexpression of YAP1 in 
yeast confers increased resistance to hydro- 
gen peroxide, o-phenanthroline, heavy 
metals, and osmotic stress (45). We ana- 
lyzed differential gene expression between a 
wild- type strain bearing a control plasmid 
and a strain with a plasmid expressing YAPl 
under the control of the strong GALl-10 
promoter, both grown in galactose (that is, 
a condition that induces YAPJ overexpres- 
sion). Complementary DNA from the con- 
trol and YAP1 overexpressing strains, la- 
beled with Cy3 and Cy5, respectively, was 
prepared from mRNA isolated from the two 
strains and hybridized to the microarray. 
Thus, red spots on the array represent genes 
that were induced in the strain overexpress- 
ing YAPL 

Of the 17 genes whose mRNA levels 
increased by more than threefold when 



YAP I was overexpressed in this way, five 
bear homology to aryl-alcohol oxidoreduc- 
tases (Fig. 2 and Table 1). An additional 
four of the genes in this set also belong to 
the general class of dehydrogenases/oxi- 
doreductases. Very little is known about 
the role of aryl-alcohol oxidoreductases in 
S. cerevisiae, but these enzymes have been 
isolated from ligninolytic fungi, in which 
they participate in coupled redox reac- 
tions, oxidizing aromatic, and aliphatic 
unsaturated alcohols to aldehydes with the 
production of hydrogen peroxide (46, 47). 
The fact that a remarkable fraction of the 
targets identified in this experiment be- 
long to the same small, functional group of 
oxidoreductases suggests that these genes 



might play an important protective role 
during oxidative stress. Transcription of a 
small number of genes was reduced in the 
strain overexpressing Yapl. Interestingly, 
many of these genes encode sugar per- 
meases or enzymes involved in inositol 
metabolism. 

We searched for Yapl -binding sites 
(TTACTAA or TGACTAA) in the se- 
quences upstream of the target genes we 
identified (48). About two-thirds of the 
genes that were induced by more than 
threefold upon Yapl overexpression had 
one or more binding sites within 600 bases 
upstream of the start codon (Table 1), sug- 
gesting that they are directly regulated by 
Yapl. The absence of canonical Yapl-bind- 
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Fig. 4. Coordinated reg- 
ulation of functionally re- 
lated genes. The curves 
represent the average in- 
duction or repression ra- 
tios for all the genes in 
each indicated group. 
The total number of 
genes in each group was 
as follows: ribosomal 
proteins, 1 1 2; translation 
elongation and initiation 

factors, 25; tRNA synthetases (excluding mitochondial synthetases), 17; glycogen and trehalose syn- 
thesis and degradation, 1 5; cytochrome c oxidase and reductase proteins, 1 9; and TCA- and glyoxy- 
late-cycle enzymes, 24. 
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Table 1 . Genes induced by YAP1 overexpression. This list includes all the genes for which mRNA levels 
increased by more than twofold upon YAP1 overexpression in both of two duplicate experiments, and 
for which the average increase in mRNA level in the two experiments was greater than threefold (50). 
Positions of the canonical Yapl binding sites upstream of the start codon, when present, and the 
average fold-increase in mRNA levels measured in the two experiments are indicated. 
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ing sites upstream of the others may reflect 
an ability of Yapl to bind sites that differ 
from the canonical binding sites, perhaps in 
cooperation with other factors, or less like- 
ly, may represent an indirect effect of Yapl 
overexpression, mediated by one or more 
intermediary factors. Yapl sites were found 
only four times in the corresponding region 
of an arbitrary set of 30 genes that were not 
differentially regulated by Yapl. 

Use of a DNA microarray to character- 
ize the transcriptional consequences of 
mutations affecting the activity of regula- 
tory molecules provides a simple and pow- 
erful approach to dissection and character- 
ization of regulatory pathways and net- 



works. This strategy also has an important 
practical application in drug screening. 
Mutations in specific genes encoding can- 
didate drug targets can serve as surrogates 
for the ideal chemical inhibitor or modu- 
lator of their activity. DNA microarrays 
can be used to define the resulting signa- 
ture pattern of alterations in gene expres- 
sion, and then subsequently used in an 
assay to screen for compounds that repro- 
duce the desired signature pattern. 

DNA microarrays provide a simple and 
economical way to explore gene expres- 
sion patterns on a genomic scale. The 
hurdles to extending this approach to any 
other organism are minor. The equipment 



required for fabricating and using DNA 
microarrays (9) consists of components 
that were chosen for their modest cost and 
simplicity. It was feasible for a small group 
to accomplish the amplification of more 
than 6000 genes in about 4 months and, 
once the amplified gene sequences were in 
hand, only 2 days were required to print a 
set of 110 microarrays of 6400 elements 
each. Probe preparation, hybridization, 
and fluorescent imaging are also simple 
procedures. Even conceptually simple ex- 
periments, as we described here, can yield 
vast amounts of information. The value of 
the information from each experiment of 
this kind will progressively increase as 
more is learned about the functions of 
each gene and as additional experiments 
define the global changes in gene expres- 
sion in diverse other natural processes and 
genetic perturbations. Perhaps the greatest 
challenge now is to develop efficient 
methods for organizing, distributing, inter- 
preting, and extracting insights from the 
large volumes of data these experiments 
will provide. 
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Fig. 5. Distinct temporal patterns of induction or repression help to group genes that share regulatory 
properties. (A) Temporal profile of the cell density, as measured by OD at 600 nm and glucose 
concentration in the media. (B) Seven genes exhibited a strong induction (greater than ninefold) only at 
the last timepoint (20.5 hours). With the exception of IDP2, each of these genes has a CSRE UAS. There 
were no additional genes observed to match this profile. (C) Seven members of a class of genes marked 
by early induction with a peak in mRNA levels at 18,5 hours. Each of these genes contain STRE motif 
repeats in their upstream promoter regions. (D) Cytochrome c oxidase and ubiquinol cytochrome c 
reductase genes. Marked by an induction coincident with the diauxic shift, each of these genes contains 
a consensus binding motif for the HAP2.3.4 protein complex. At least 17 genes shared a similar 
expression profile. (E) SAM1, GPP1, and several genes of unknown function are repressed before the 
diauxic shift, and continue to be repressed upon entry into stationary phase. (F) Ribosomal protein 
genes comprise a large class of genes that are repressed upon depletion of glucose. Each of the genes 
profiled here contains one or more RAP1 -binding motifs upstream of its promoter. RAP1 is a transcrip- 
tional regulator of most ribosomal proteins. 
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at -80°C. 

1 1 . Cy3-dLTTP or Cy5-dUTP (Amersham) was incorpo- 
rated during reverse transcription of 1.25 y.g of 
potyadenylated (poty(A)*} RNA, primed by a dT(1 6) 
oligomer. This mixture was heated to 70°C for 1 0 
min, and then transferred to ice. A premixed solu- 
tion, consisting of 200 U Superscript II (Gibco), 
buffer, deoxyribonucleoside triphosphates, and flu- 
orescent nucleotides, was added to the RNA. Nu- 
cleotides were used at these final concentrations: 
500 m-M for dATP, dCTP, and dGTP and 200 vJM 
for dTTP. Cy3-dUTP and Cy5-dUTP were used at 
a final concentration of 100 h-M. The reaction was 
then incubated at 42*C for 2 hours. Unincorporat- 
ed fluorescent nucleotides were removed by first 
diluting the reaction mixture with of 470 jjJ of 10 
mM tris-HCI (pH 8.0)/1 mM EDTA and then subse- 
quently concentrating the mix to -5 jU, using Cen- 
tricon-30 microconcentrators (Amicon). 

1 2. Purified, labeled cDN A was resuspended in 1 1 ^ of 
3.5 x SSC containing 10 y.g poly(dA) and 0.3 \l\ of 
1 0% SDS. Before hybridization, the solution was 
boiled for 2 min and then allowed to cool to room 
temperature. The solution was applied to the mi- 
croarray under a cover slip, and the slide was 
placed in a custom hybridization chamber which 
was subsequently incubated for -8 to 1 2 hours in 
a water bath at 62 3 C. Before scanning, slides were 
washed in 2x SSC, 0.2% SDS for 5 min, and then 
0.05x SSC for 1 min. Slides were dried before 
scanning by cent rifugat ion at 500 rpm in a Beck- 
man CS-6R centrifuge. 

13. The complete data set is available on the Internet at 
cmgm. Stanford . edu/pbrown/explore/index. ht ml 

14. For 95% of aD the genes analyzed, the mRNA levels 
measured in cells harvested at the first and second 
interval after inoculation differed by a factor of less 
than 1.5. The correlation coefficient for the compar- 
ison between mRNA levels measured for each gene 
in these two different mRNA samples was 0.98. 
When duplicate mRNA preparations from the same 
cell sample were compared in the same way, the 
correlation coefficient between the expression levels 
measured for the two samples by comparative hy- 
bridization was 0.99. 

15. The numbers and identities of known and putative 
genes, and their homologies to other genes, were 
gathered from the following pubOc databases: Sac- 
charomyces Genome Database (genome-www. 
stanford.edu), Yeast Protein Database (quest7. 
proteome.com), and Munich Information Centre for 
Protein Sequences (speedy-mips.biochem.mpg.de/ 
mtps/yeasWndex.htmtx). 

16. A. Scholar and H. J. Schuller, Md. Cell. Biol. 14, 
3613 (1994). 

17. S. Kratzer and H. J. Schuller, Gene 161, 75 (1995). 

18. R. J. Haselbeck and H. L McAlister, J. Bid. Chem. 
268, 12116(1993). 

19. M. Fernandez, E. Fernandez, R. Rodicio, Md. Gen. 
Genet. 242, 727 (1994). 

20. A. Hartig etal., Nudeic Adds Res. 20, 5677 (1992). 

21. P. M. Martinez ef a/.. EMBO J. 1 5, 2227 (1996). 

22. J. C. Varela, U. M. Praekelt, P. A. Meacock, R. J. 
Ranta. W. H. Mager, Md. Celt. Bid. 1 5, 6232 (1 995). 

23. H. Ruis and C. Schuller, Bioessays 17, 959 (1995). 

24. J. L Parrou, M. A. Teste, J. Francois, Microbiology 
143, 1891 (1997). 



25. This expression profile was defined as having an 
induction of greater than 10-foJd at 18.5 hours and 
less than 1 1 -fold at 20.5 hours. 

26. S. L. Forsburg and L. Guarente, Genes Dev. 3, 1 166 
(1989). 

27. J. T. Oiesen and L Guarente, ibid. 4. 1714 (1990). 

28. M. Rosenkrantz, C. S. Kell. E. A. Penned, L J. De- 
venish, Md. Microbid. 13. 119 (1994). 

29. Single-letter abbreviations for the amino acid resi- 
dues are as follows: A, Ala; C, Cys; D, Asp: E, Glu; F, 
Phe; G, Gfy; H, His; I, He; K, Lys; L, Leu; M, Met; N, 
Asn; P. Pro; Q, Gin; R, Arg; S. Ser; T, Thr; V, Val: W, 
Trp; and Y ? Tyr. The nucleotide codes are as follows: 
B-C, G, or T; N-G, A, T, or C; R-Aor G; and Y-C or 
T. 

30. C. Fond rat and A. Kalogeropoulos, Comput. Appt. 
fitoso. 12, 363(1996). 

31. D. Shore, Trends Genet 10, 408 (1994). 

32. R. J. Ranta and K A. Raue, ibid. 4, 64 (1988). 

33. The degenerate consensus sequence VYCYRNNC- 
MNH was used to search for potential RAP1 - binding 
sites. The exact consensus, as defined by (30), is 
WACAYCCRTACATYW, with up to three differenc- 
es allowed. 

34. S. F. Neuman, S. Bhattacharya. J. R. Broach, Moi. 
Cell. Biol. 15, 3187 (1995). 

35. P. Lesage, X Yang, M. Carlson, ibid. 16, 1921 
(1996). 

36. For example, we observed large inductions of the 
genes coding for PCK1 , FBP1 [Z. Yin ef al. , Moi 
Microbid. 20, 751 (1996)], the central glyoxylate 
cycle gene ICL1 [A. Scholer and H. J. Schuller, 
Curr. Genet 23, 375 (1993)], and the "aerobic" 
isoform of acetyl-CoA synthase, ACS1 |M. A. van 
den Berg ef a/. , J. Bid. Chem. 271 , 28953 (1996)), 
with concomitant down- regulation of the grycolyt- 
ic-specific genes PVK7 and PFK2 (P. A. Moore ef 
a/., Mol. Cell. Biol. 11. 5330 (1991)]. Other genes 
not directly involved in carbon metabolism but 
known to be induced upon nutrient limitation in- 
clude genes encoding cytosolic catalase T CTT7 
|P. H. Bissinger ef al., ibid. 9, 1309 (1989)] and 
several genes encoding small heat-shock proteins, 
such as HSP12, HSP26. and HSP42 [I. Farkas ef 
a/., J. Biol. Chem. 266, 15602 (1991); U. M. 
Praekelt and P. A. Meacock. Mol. Gen. Genet. 223. 
97 (1990); D. Wotton ef a/., J. Biol. Chem. 271, 
2717(1996)]. 

37. The levels of induction we measured for genes that 
were expressed at very taw levels in the uninduced 
state (notably, FBP1 and PCK 1) were generally lower 
than those previously reported. This discrepancy 
was likely due to the conservative background sub- 
traction method we used, which generally resulted in 
overestimation of very low expression levels {46). 

38. Cross-hybridization of highly related sequences can 
also occasionally obscure changes in gene expres- 
sion, an important concern where members of gene 
families are functionally specialized and differentially 
regulated. The major alcohol dehydrogenase genes, 
ADH1 and ADH2, share 88% nucleotide identity. 
Reciprocal regulation of these genes is an important 
feature of the diauxic shift, but was not observed in 
this experiment, presumably because of cross-hy- 
bridization of the fluorescent cDNAs representing 
these two genes. Nevertheless, we were able to de- 
tect differential expression of closely related isoforms 
of other enzymes, such as HXK1/HXK2 (77% iden- 
tical) (P. Herrero et al. . Veasf 1 1 , 1 37 (1 995)], MLS1/ 
DAL7 (73% identical) (20), and PGMVPGM2 (72% 
identical) |D. Oh, J. E. Hopper. Md. Cell. Bid. 10. 
1415(1 990)], in accord with previous studies. Use in 
the microarray of deliberately selected DNA se- 
quences corresponding to the most divergent seg- 
ments of homologous genes, in lieu of the complete 
gene sequences, should relieve this problem in many 
cases. 

39. F. E. Williams, U. Varanasi, R. J. Trumbly. Md. Cdi 
Bid. 11, 3307 (1991). 

40. D. Tzamarias and K. Struhl, Nature 369, 758 (1994). 

41. Differences in mRNA levels between the tuplA and 
wild-type strain were measured in two independent 
experiments. The correlation coefficient between the 
complete sets of expression ratios measured in 
these duplicate experiments was 0.83. The concor- 



dance between the sets of genes that appeared to 
be induced was very high between the two experi- 
ments. When only the 355 genes that showed at 
least a twofold increase in mRNA in the tupl A strain 
in either of the duplicate experiments were com- 
pared, the correlation coefficient was 0.82. 

42. The tuplA mutation consists of an insertion of the 
LEU2 coding sequence, including a stop codon, be- 
tween the ATG of TUP1 and an Eco R I site 1 24 base 
pairs before the stop codon of the TUP1 gene. 

43. LR. Kowalski, K. Kondo, M. Inouye, Md. Microbid. 
15,341 (1995). 

44. M. Viswanathan, G. Muthukumar, Y. S. Cong, J. 
Lenard, Gene 148, 149 (1994). 

45. D. Hirata, K. Yano, T. Miyakawa, Md. Gen. Genet 
242, 250 (1994). 

46. A. Gutierrez, L Caramelo, A. Prieto, M. J. Martinez, 
A. T. Martinez, Appf. Environ. Microbid. 60, 1783 
(1994). 

47. A. Muheim ef al., Eur. J. Biochem. 195. 369 (1991). 

48. J. A. Wemmie, M. S. Szczypka, D. J. Thiele, W. S. 
Moye-Rowley, J. Biol. Chem. 269, 32592 (1994). 

49. Microarrays were scanned using a custom-built 
scanning laser microscope built by S. Smith with 
software written by N. Ziv. Details concerning scan- 
ner design and construction are available at cmgm. 
stanford.edu/pbrown. Images were scanned at a 
resolution of 20 *im per pixel. A separate scan, using 
the appropriate excitation line, was done for each of 
the two ffuorophores used. During the scanning pro- 
cess, the ratio between the signals in the two chan- 
nels was calculated for several array elements con- 
taining total genomic DNA. To normalize the two 
channels with respect to overall intensity, we then 
adjusted photomultiplier and laser power settings 
such that the signal ratio at these elements was as 
close to 1 .0 as possible. The combined images were 
analyzed with custom-written software. A bounding 
box, fitted to the size of the DNA spots in each 
quadrant, was placed over each array element. The 
average fluorescent intensity was calculated by sum- 
ming the intensities of each pixel present in a bound- 
ing box, and then dMding by the total number of 
pixels. Local area background was calculated for 
each array element by determining the average fluo- 
rescent intensity for the lower 20% of pixel intensi- 
ties. Although this method tends to underestimate 
the background, causing an underestimation of ex- 
treme ratios, it produces a very consistent and noise- 
tolerant approximation. Although the analog-to- 
digital board used for data collection possesses a 
wide dynamic range (1 2 bits), several signals were 
saturated (greater than the maximum signal intensity 
allowed) at the chosen settings. Therefore, extreme 
ratios at bright elements are generally underestimat- 
ed. A signal was deemed significant if the average 
intensity after background subtraction was at least 
2.5-fold higher than the standard deviation in the 
background measurements for all efements on the 
array. 

50. In addition to the 17 genes shown in Table 1 , three 
additional genes were induced by an average of 
more than threefold in the duplicate experiments, but 
in one of the two experiments, the induction was less 
than twofold (range 1 .6- to 1 .9-fold) 
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BUSINESS/FINANCIAL DESK 

Human Genome Placed on Chip; Biotech Rivals Put It Up 
for Sale 

By ANDREW POLLACK (NYT) 1030 words 

The genome on a chip has arrived. 

Melding high technology with biology, several companies are rushing to sell slivers of glass or 
nylon, some as small as postage stamps, packed with pieces of all 30,000 or so known human 
genes. 

The new products will allow scientists to scan all genes in a human tissue sample at once, to 
determine which genes are active, a job that previously required two or more chips. The whole- 
genome chips will lower the cost and increase the speed of a widely used test that has 
transformed biomedical research in the last few years. 

"It's sort of a milestone event, very similar to generating an integrated circuit of the genome," 
said Stephen P. A. Fodor, the chief executive of AfFymetrix Inc., the leading seller of gene chips, 
which are also called microarrays. 

AfFymetrix, based in Santa Clara, Calif., is expected to announce today that it is accepting orders 
for its whole-genome chip. 

The announcement seems timed to steal some thunder from the rival Agilent Technologies, 
which is based in nearby Palo Alto. Agilent is to be the host of an analyst meeting today and it 
plans to announce then that it has started shipping test versions of its whole-genome chip. 

Applied Biosystems of Foster City, Calif., a unit of the Applera Corporation, started the race in 
July with an announcement that it would have a whole-genome chip out by the end of this year. 
NimbleGen Systems, a small company in Madison, Wis., announced a few days later that it had a 
genome on a chip that it was not selling but that it was using to run tests for customers. 

Gene chips, which detect genes that are active, meaning they are being used to make a protein, 
have become essential tools. Scientists try to understand the genetic mechanisms of disease by 
seeing which genes are turned on in, say, a sick kidney or lung compared with those active in a 
healthy organ. Pharmaceutical companies look at gene activity patterns to try to predict the 
effects of drugs. 
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Scientists have found that tumors that look the same under the microscope can differ in terms of 
which genes are active. So studying gene patterns could become a way to discriminate between 
deadly and not-so-deadly tumors, or to predict which drug will work best for a particular patient. 

Still, even some vendors conceded that the change from two chips to one is more symbolic than 
revolutionary. 

"You can do just as good science with two chips, it costs you a little more," said Roland Green, 
the vice president for research and development at NimbleGen. 

Some scientists questioned whether the chips really have all human genes, because the exact 
number and identities of all the genes is not known. 

The advent of the genome on a chip is, however, evidence that biotechnology, to the extent that it 
uses electronics, is experiencing some of the rapid progress that has made semiconductors and 
computers continuously cheaper and smaller. 

"One of the effects everyone is looking for in the genomics area is Moore's law - more data, less 
money," said Doug Dolginow, an executive vice president at Gene Logic, which sells data from 
gene chip studies to pharmaceutical companies. "This is a step in that direction." 

Moore's law states that the number of transistors on a semiconductor chip doubles every 18 
months. 

Affymetrix's gene chips are, in fact, made with the same techniques used to make semiconductor 
chips. In the mid-1 990's, the company came out with a set of five chips covering what was then 
known of the human genome. After the human genome sequence was virtually completed in 
2000, the company developed a two-chip set with all the known genes. Now it has the single 
chip, which some scientists say will be more convenient. 

"We like to be able to look at all genes at one time to get a global view of what's going on," said 
John R. Walker, who runs gene chip operations at the Genomics Institute of the Novartis 
Research Foundation in San Diego. 

Costs should also be lower. Gene chips have been so expensive that many academic scientists 
still make their own rather than buy them. Affymetrix said it would sell its whole-genome chips 
for $300 to $500 each, depending on volume, little more than half the price of the two-chip set. 
The other companies have not announced prices. 

For Affymetrix, a successful whole-genome chip "is essential for them to maintain their 
dominance" of high-end microarrays, said Edward A. Tenthoff, an analyst at U.S. Bancorp Piper 
Jaffray. Affymetrix had total product sales in 2002 of about $250 million, and a company 
spokesman said that human genome chips are its top-selling product. 

Mr. Tenthoff, who recommends Affymetrix stock, said the company's sales growth rate had 
moderated as it faces tougher competition. Agilent, a spinoff of Hewlett-Packard that makes its 
gene chips by printing DNA components onto glass slides using ink jet printers, has gained 
share, he said. Applied Biosystems, the largest maker of genomics equipment over all, will be 
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entering the microan-ay segment of the business with its whole-genome chip, emphasizing the 
connection of that product to the others it offers, including the gene database developed by its 
sister company, Celera Genomics. 

Jeffrey Trent, scientific director of the Translational Genomics Research Institute in Phoenix, 
said that while whole-genome chips are useful for medical discovery, the biggest growth of the 
market will be for chips that can be used by doctors to do diagnoses. And whole-genome chips 
are too cumbersome for that, he said. Rather, once scientists use the whole-genome chips to find 
particular genes that are associated with, say, tumor aggressiveness or drug effectiveness, he 
said, they will then make smaller and cheaper chips containing just those genes for use in 
diagnosis. 
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Agilent Technologies ships whole human genome on single 
microarray to gene expression customers for evaluation 

Company to introduce first commercial whole human microarray by end of year 
PALO ALTO, Calif., Oct. 2, 2003 



► Archives 

Agilent Technologies Inc. (NYSE: A) today announced it has shipped whole human-genome microarrays 
to customers for testing and evaluation. The whole genome microarray is based on Agilent's new double- 
density format, which can accommodate 44,000 features on a single rx3" glass-slide microarray. The 
new platform enables drug-discovery and disease researchers to perform whole-genome screening at a 
lower cost and with higher reproducibility. 

This is an important step toward our release of the first whole human-genome microarray product which 
is expected to be available for order before the end of the year," said Barney Saunders, vice president 
and general manager of Agilent's BioResearch Solutions Unit. " Customers have long wanted a one- 
sample, one-chip format with the increased sensitivity associated with 60-mer probes. The cost savings 
and high-quality performance make this product a compelling alternative for scientists who make their 
own microarrays." 

Agilent's microarrays are based on the industry-standard 1"x3 H (25mm x 75mm) format, which is 
compatible with most commercial microarray scanners. All Agilent commercial microarrays are developed 
using content from public databases and proprietary sources, with full sequence and annotation 
information made available to customers. Gene sequences for probes are developed using algorithms 
and then validated empirically through iterative wet-lab testing procedures. The result is a microarray 
comprised of functionally validated probes, with the most up-to-date and comprehensive genome 
information commercially available. 

Advantages of the double-density format include: 



• Lower cost. Not only is one microarray less expensive than two, it requires fewer reagents and 
reduces instrumentation demands. 

• Streamlined workflow. Researchers need prepare and process only one microarray instead of 
two. This also results in fewer steps in the subsequent data analysis. 

• Greater reproducibility. Use of a single microarray further reduces unnecessary variability in 
experimental conditions. 

• Smaller sample use. A smaller quantity of sample material is required to perform an experiment. 
Availability 

Agilent's Whole Human Genome Microarray is expected to be available for order by the end of the year. 



About Agilent Technologies 

Agilent Technologies Inc. (NYSE: A) is a global technology leader in communications, electronics, life 
sciences and chemical analysis. The company's 30,000 employees serve customers in more than 110 
countries. Agilent had net revenue of $6 billion in fiscal year 2002. Information about Agilent is available 
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on the Web at www.aQilent.com . 
Forward-Looking Statements 

This news release contains forward-looking statements (including, without limitation, statements relating 
to Agilent's expectation that its whole-genome microarray platform will be available for order before the 
end of 2003) that involve risks and uncertainties that could cause results to differ materially from 
management's current expectations. These and other risks are detailed in the company's filings with the 
Securities and Exchange Commission, including its Annual Report on Form 10-Kforthe year ended Oct 
31, 2002, its Quarterly Report on Form 10-Q for the quarter ended July 31. 2003 and its Current Report 
on Form 8-K filed Aug. 18, 2003. The company assumes no obligation to update the information in this 
press release. 
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Affymetrix Announces Commercial Launch of Single Array for Human Genome 
Expression Analysis 




SANTA CLARA. CA USA 10/02/2003 



Affymetrix GeneChip(R) Brand Human Genome U133 Plus 2.0 Array. 
(PRNewsFoto)[AS] 



AFFYMETRIX GENECHIP(R) BRAND HUMAN GENOME U133 PLUS 2.0 ARRAY 




More Than 1 Million Probes Analyze Expression Levels of Nearly 50,000 RNA 
Transcripts and Variants on a Single Array the Size of a Thumbnail 

SANTA CLARA, Calif., Oct. 2 /PRNewswire/ Affymetrix, Inc., 
(Nasdaq: AFFX) announced today that it is taking orders for its new 
GeneChip(R) brand Human Genome U133 Plus 2.0 Array, offering researchers the 
protein-coding content of the human genome on a single commercially available 
catalog microarray. The HG-U133 Plus 2.0 Array analyzes the expression level 
of nearly 50,000 RNA transcripts and variants with 22 different probes per 
transcript, providing superior data quality unmatched by technologies using a 
single probe per transcript. 

(Photo: http://www.newscom.com/cgi-bin/prnh/20031002/SFTH021 ) 

"With about 1-3 million probes on a chip the size of a human thumbnail, 
the Human Plus Array represents a leap in array technology data capacity, and 
further demonstrates the unique power and potential of our technology to 
explore vast areas of the genome," said Trevor J. Nicholls, Ph.D., Chief 
Commercial Officer. "Multiple independent measurements for each transcript 
ensure that our data quality remains the industry standard, even as our data 
capacity increases dramatically. " 

The HG-U133 Plus 2.0 Array, which will ship in October, combines the 
content of the previous HG-U133 two-array set with nearly 10,000 new probe 
sets representing about 6,500 new genes, for a total of nearly 50,000 RNA 
transcripts and variants. This new information, verified against the latest 
version of the publicly available genome map, provides researchers the most 
comprehensive and up-to-date genome-wide gene expression analysis. The probe 
design strategy of the HG-U133 Plus 2.0 Array is identical to the previous HG- 
U13 3 Set, providing very strong data concordance between the two products. 
With more than double the data capacity of the previous -generation Affymetrix 
human product, the HG-U133 Plus 2.0 Array can significantly cut processing and 
analysis time for scientists in the lab, freeing up valuable resources and 
accelerating research. 

The HG-U133 Plus 2.0 Array sets a new standard for the number of genes and 
transcripts on any commercially available single array for human gene 
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expression analysis, while maintaining Affymetrix' unrivaled data quality. The 
HG-U133 Plus 2.0 Array uses 22 independent measures to detect the 
hybridization of each transcript on the array, 1.3 million data points in all, 
more than 30 times that of any other microarray technology. Using multiple, 
independent measurements provides optimal sensitivity and specificity, and' the 
most accurate, consistent and statistically significant results possible. 

"More data points produce more reliable results and ultimately, enable 
better science," said Nicholls. "Our powerful probe set strategy gives our 
customers the assurance that their array results actually reflect what's in 
their sample." 

Affymetrix is also launching an updated 11-micron version of its popular 
18-micron HG-U133A t Array called the GeneChip HG-U133A 2.0 Array. The reduced 
feature size on this new design means researchers can use smaller sample 
volumes than on the previous 18-micron array without compromising performance. 
This new array represents over 20, 000 transcripts that can be used to explore" 
human biology and disease processes. All probe sets represented on the 
original GeneChip HG-U133A Array are identically replicated on the GeneChip 
HG-U133A 2.0 Array. 

More information on the design of the HG-U133 Plus 2.0 Array and the 
HG-U133A 2.0 Array may be found on the Affymetrix website at 
http://www.affymetrix.com . 

Affymetrix will be presenting further information on this and other 
products at the BioTechnica trade show in Hanover, Germany on Oct. 7-9, 2003. 
The Company will also hold a press conference on Oct. 7, from 11 a.m. to 
12 p.m. at the show regarding the new Human Genome U133 Plus 2.0 Array. If you 
would like to attend this press conference, please contact Caroline Stupnicka 
at c.stupnicka@northbankcommunications.com . 

About Affymetrix: 

Affymetrix is a pioneer in creating breakthrough tools that are driving 
the genomic revolution. By applying the principles of semiconductor technology 
to the life sciences, Affymetrix develops and commercializes systems that 
enable scientists to improve the quality of life. The Company's customers 
include pharmaceutical, biotechnology, agrichemical , diagnostics and consumer 
products companies as well as academic, government and other non-profit 
research institutes. Affymetrix offers an expanding portfolio of integrated 
products and services, including its integrated GeneChip platform, to address 
growing markets focused on understanding the relationship between genes and 
human health. Additional information on Affymetrix can be found at 
http://www.affymetrix.com . 

All statements in this press release that are not historical are 
"forward-looking statements" within the meaning of Section 21E of the 
Securities Exchange Act as amended, including statements regarding Affymetrix' 
"expectations," "beliefs," "hopes," "intentions," "strategies" or the like. 
Such statements are subject to risks and uncertainties that could cause actual 
results to differ materially for Affymetrix from those projected, including, 
but not limited to risks of the Company's ability to achieve and sustain 
higher levels of revenue, higher gross margins, reduced operating expenses, 
uncertainties relating to technological approaches, manufacturing, product' 
development, market acceptance (including uncertainties relating to product 
development and market acceptance of the GeneChip HG-U133 Human Plus 2.0 Array 
and the HG-U133A 2.0), personnel retention, uncertainties related to cost and 
pricing of Affymetrix products, dependence on collaborative partners, 
uncertainties relating to sole source suppliers, uncertainties relating to FDA 
and other regulatory approvals, competition, risks relating to intellectual 
property of others and the uncertainties of patent protection and litigation. 
These and other risk factors are discussed in Affymetrix' Form 10-K for the 
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year ended December 31, 2002 and other SEC reports, including its Quarterly 
Reports on Form 10-Q for subsequent quarterly periods. Affymetrix expressly 
disclaims any obligation or undertaking to release publicly any updates or 
revisions to any forward-looking statements contained herein to reflect any 
change in Affymetrix* expectations with regard thereto or any change in 
events, conditions, or circumstances on which any such statements are based. 

NOTE: Affymetrix, the Affymetrix logo, and GeneChip and are registered 
trademarks owned or used by Affymetrix, Inc. 



SOURCE Affymetrix, Inc. 
Web Site: http://www.affymetrix.com 
Photo Notes: NewsCom: 

http://www.newscom.com/cghbin/prnh/20031002/SFTH021 AP Archive: 
h ttp ://photoarchive. a p. org PRN Photo Desk, 

photo desk@prne ws wire, com 

Issuers of news releases and not PR Newswire are solely responsible for the accuracy of the 
content. 
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The third enactment of Cambridge 
Healthtech Institute's Macroresults 
through Microarrays meeting was held 
in Boston (MA, USA) from 29 Aprii- 
1 May 2002. The subtheme of this year's 
meeting was 'advancing drug discov- 
ery', a widely touted application for 
array technology. 

The evolution of microarrays 
If you were asked 'Who first conceived 
of the idea of microarrays', who would 
come to mind? Mark Schena perhaps, 
first author of the seminal 1995 paper 
on cDNA arrays [1]? Maybe Pat Brown, 
Schena's then supervisor? Or perhaps 
Stephen Fodor, the primary driver 
behind Affymetrix's (http://www. 
affymetrix.com) oligonucleotide-based 
platform (2). Brits might even chant the 
name of Ed Southern [3]. Well, accord- 
ing to Roger Ekins (University College 
London Medical School; http://www. 
ucl.ac.uk/medicine/) all these answers 
would be wrong. It was in fact Ekins 
and his colleagues who first conceived 
of and patented 'a new generation of 
ultrasensitive, miniaturized assays for 
protein and DNA-RNA measurement 
based on the use of microarrays' in the 
mid 1980s [4]. The concept and poten- 
tial of array technology was more fully 
described in a later publication, in 
which Ekins et ol. [5] concluded that an- 
tibody microspots of -50 urn 2 could be 
achieved, and that as many as 2 million 
different immunoassays could, in prin- 
ciple, be accommodated on a surface 
area of 1 cm 2 . 

Technological innovation 

In practice, it took a different biological 

molecule (DNA), a different research 



croup, and a leap into microfabri- 
cation technology to even begin 
approaching these kinds of densities 
[Affymetrix patent 6045996 talks of 
one million spots cm- 2 ]. Of course, 
advancing technology is one of the 
driving engines behind the genomics 
juggernaut, and we are already seeing 
'4th generation' machines for fab- 
ricating DNA chips. If the company 
representatives at this meeting are to 
be believed (and their cases seemed 
strong), spotting is out, and in situ 
fabrication of oligonucleotide-based 
'iterative custom arrays' is in. Whether 
you go with the Combimatrix's (http:// 
www.combimatrix.com) electrochemi- 
cally directed synthesis and detection 
system, febit's (http://www.febit.com) 
Geniom® technology, or Nimblegen's 
(http://www.nimblegen.com) Maskless 
Array Synthesizer technology is a 
matter of personal choice. However, 
each of these machines provides the 
flexibility to design variable length 
oligonucleotide probes from se- 
quences inputted by the user, and then 
perform in situ synthesis of an array. 
Each system also boasts unique advan- 
tages. For example, Combimatrix's 
biological array processor is a semi- 
conductor coated with a 3D layer 
of porous material in which DNA, 
RNA, peptides or small molecules 
can be synthesized or immobilized 
within discrete test sites, while febit's 
Ceniom One® is a fully integrated 
gene-expression analysis system with 
minimal user hands-on time - the 
probe sequences are programmed, the 
RNA samples inserted, and the gene 
expression data is pumped out a few 
hours later. 



Ceil- and tissue-based arrays 
Array technology is in most people's 
minds firmly linked with gene-expression 
profiling. Fewer are aware that cell- and 
tissue-based arrays have been devel- 
oped, and how they can provide 
a vital extra dimension to research. In 
support of this, Barry Bochner gave an 
update on the cell-based array system 
that Biolog (http://www.biolog.com) 
has produced for simultaneously mea- 
suring the effects of one gene in the cell 
under thousands of growth conditions 
(see [6] for further details). David Walt 
(Tufts University; http:/ /www. tufts, 
edu/) is developing single live cell ar- 
rays using optical imaging fiber (OIF) 
technology. An array of microwells is 
fabricated on the face of an OIF at den- 
sities of up to 10 million wells cm- 2 . 
Cells are then added to the wells and 
disperse at an average of one cell per 
well. Physiological and genetic re- 
sponses of each cell are measured via 
fluorescence produced by reporter 
genes (e.g. /ocZ, gfp. Assays performed 
so far include yeast live or dead cell 
assay, microenvironment pH and 
0 2 measurements, promotor responses 
using the lacZ and phoA reporter genes, 
and protein-protein interactions using 
the yeast two-hybrid system. The main 
advantage of this system is that the cells 
remain alive during the assay, which 
means a real-time timecourse can be 
performed and/or the array passed 
from sample to sample. This would be 
useful in, for example, the scanning of 
a combinatorial drug library for specific 
physiological effects. 

Tissue arrays are a useful complemen- 
tary technology to DNA arrays because 
they can be used to help validate and 
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understand the biological and medical 
significance of gene changes discov- 
ered using standard DNA arrays. For 
example; an array of tumor tissues can 
be screened for the protein (using im- 
munohistochemistry), message (using 
in situ hybridization) and copy number 
(using comparative genomic hybridiza- 
tion) of a gene of interest, to determine 
if expression of the gene (or lack 
thereof) is related in any way to sur- 
vival. They can also be used to predict 
the probability of clinical failure of lead 
compounds as a result of toxicity by 
evaluating the distribution of the drug 
targets in normal tissue. Spyro Mousses 
and his co-workers at the National 
Human Genome Research Institute 
(http://www.nhgri.nih.gov/index.html) 
have built such arrays, including a 
multi-tumor array (-5000 specimens, 
and sections from 36 normal and 800 
metastatic tissues) and a normal tissue 
array (76 tissue and 332 cell types). 

The problem with proteins 
It has been said that genomics tells us 
what might happen, transcriptomics 
indicates what should happen, and pro- 
teomics shows what is happening. The 
impact of functional proteomics on 
pharmaceutical R&D is rapidly increas- 
ing, and protein arrays are being used 
increasingly in both basic and applied 
research. Their use lies not only in com- 
parative protein expression and inter- 
action profiling, but also in diagnostics 
and drug discovery. However, an in- 
creasing number of researchers have 
found that protein arrays, like their 
cousins the DNA arrays, present several 
practical obstacles relating to their pro- 
duction and use. For example, in using 
Escherichia coli to produce recombi- 
nant eukaryotic proteins from a single 
expression vector, multiple protein 
products are often produced, suggest- 
ing mixes of truncated or otherwise 
altered proteins. There is also the obvi- 
ous concern that the proteins might 
not be modified in a similar manner to 



eukaryotic systems. Also, an optimal 
method for depositing and binding 
proteins to the selected substrate is 
yet to be determined, as is the best 
way to ensure that they are bound in a 
correctly folded, active conformation. 

Several companies have been address- 
ing these problems. Prolinx (http:// 
www.prolinxinc.com) is one such com- 
pany, and Karin Hughes described their 
Versalinx™ chemistry for producing 
protein, peptide and small-molecule 
arrays. Versalinx™ uses solution-phase 
conjugation followed by immobiliza- 
tion, resulting in functional orientation 
of proteins and peptides on the sub- 
strate surface. It also offers the valuable 
additional benefit of exhibiting low 
non-specific binding. Sense Proteomic 
(http://www.senseproteomic.com) is 
also among those addressing these 
problems to develop robust protein 
arrays for drug discovery and clinical 
applications and has developed func- 
tional protein array formats based on 
specific disease tissues. Subtractive hy- 
bridization is used to identify genes 
with altered expression in breast tumor 
and cystic fibrosis compared to normal 
tissue. A high throughput cloning strat- 
egy (COVET™) is then used to produce 
libraries of genes that are tagged, 
cloned, expressed, purified and finally 
immobilized on glass slides. Initial vali- 
dation studies have shown that the vast 
majority of the immobilized proteins do 
indeed retain biological function. 

Stefan Schmidt and his company 
(CPC Biotech; http://www.gpcbiotech. 
de) have moved past the platform devel- 
opment stage and, with their focus 
firmly on drug discovery, are currently 
developing kinase-profiling arrays. 
Kinases are important targets for phar- 
maceutical drug discovery and therapy, 
and CPC's aim is to simultaneously de- 
tect multiple kinases, obtain activity pro- 
files for different cell types, or analyze 
the ability of drug candidates to inhibit 
kinase activity. To do this, recombinant 
kinase substrates are immobilized on 



membranes, incubated with purified 
kinase, and the-substrates measured for 
the degree of phosphorylation. 

Summary 

Meetings like this, packed with exciting 
discoveries and intriguing and interest- 
ing innovation, heavily emphasize the 
pace at which biotechnology is advanc- 
ing, to the extent that the number of 
options for genomic and proteomic re- 
searchers can become overwhelming. 
Although data analysis is perhaps the 
greatest current concern for array users, 
an increasing challenge will be to deter- 
mine the approaches and technology 
that really work, and to do it in a timely 
manner. 
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A two-dimensional gel database of rat liver proteins 

useful in gene regulation and drug effects studies : . " J!i. 

A standard two-dimensional (2-D) protein map of Fischer 344 rat liver 
(F344MST3) is presented, with a tabular listing of more than 1200 protein species. 
Sodium dodecyl sulfate (SDS) molecular mass and isoelectric point have been es- 
tablished, based on positions of numerous interna] standards. This map has been 
used to connect and compare hundreds of 2-D gels of rat liver samples from a va- 
riety of studies, and forms the nucleus of an expanding database describing rat 
liver proteins and their regulation by various drugs and toxic agents. An example 
of such a study, involving regulation of cholesterol synthesis by cholesterol-lower- 
ing .drugs and a high-cholesterol diet, is presented. Since the map has been ob- 
tained with a widely used and highly reproducible 2-D gel system (the Iso-Dalt ? 
system), it can be directly related to an expanding body of work in other laborato- 
ries. 
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1 Introduction 

High-resolution two-dimensional electrophoresis of pro- 
teins, introduced in 1975 by OTarTell and others [1-4], has 
been used over the ensuing 16 years to examine a wide va- 
riety of biological systems, the results appearing in more 
than 5000 published papers. With the advent of computer- 
ized systems for analyzing two-dimensional (2-D) gel ima- 
ges and constructing spot databases, it is also possible to 
plan and assemble integrated bodies of information de- 
scribing the appearance and regulation of thousands of pro- 
tein gene products [5, 6]. Creating such databases involves 
amassing and organizing quantitative data from thousands 
of 2-D gels, and requires a substantial commitment in tech- 
nology and resources. 

Given the long-term efTort required to develop a protein da- 
tabase, the choice of a biological system taxes on consider- 
able importance. While in virro systems are ideal foranswer- 
ing m^ny experimental questions, especially in cancer re- 
search and genetics, our experience with cell cultures and 
tissue samples suggests that some in vivo approaches could 
have major advantages. In particular, we have noticed that 
liver tissue samples from rats and mice appear to show grea- 
ter quantitative reproducibility (in terms of individual pro- 
tein expression) than replicate cell cultures. This is perhaps 
a natural result of the homeostasis maintained in a com- 
plete animal vs. the well-known variability of cell cultures, 
the latter due principally to differences in reagents (e.g.. 
fetal bovine serum i. conditions i pH ) and genetic "evo- 
lution" of cell lines while in culture. It is also more difficult 
to generate adequate amounts of protein from cell culture 
systems (particularly with attached cells), forcing the inves-. 
tigator to resort 10 radioisotope-based or silver-based stain- 
detection methods. While these methods are more sensi- 
tive (sometimes much more sensitive) than the Coomassie 
Brilliant Blue (CBB) stain rypically used for protein detec- 
tion in "large" protein samples, they axe generally more vari- 
able, more labor-intensive and. in the case of radiographic 
methods, may generate highly -nois>~ images, due to the 
properties of the films used. By contrast, large protein sam- 
ples can easily be prepared from liver using urea/Nonidet 
P^0 (NP-40) solubilization and stained with CBB, which 
has the advantage of being easily reproducible [8]. Finally, 
there remains the question of the "truthfulness" of many in 
virro systems as compared to their in vivo analogs; how 
great are the changes caused by the introduction into a oil- 
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turc and the associated shift to strong selection for growth, 
and how do these affect experimental outcomes? Hence 
the apparent advantages of in vitro systems, in terms of ex- 
perimental manipulation, may be counterbalanced by 
other factors relating to 2-D data quality. 

There is a second important class of reasons for exploring 
the use of an in vivo biological sysiem such as the liver. His- 
torically, there have been r* o broad approaches 10 the me- 
chanistic dissection of biochemical processes in intact cel- 
lular systems: genetics (a search for informative mutants) 
and the use of chemical agents (drugs and chemical toxins). 
Both approaches help us to understand complex systems 
by disrupting some specific functional element and show- 
ing us the result. With the development of techniques for 
genetic manipulation and cloning, the genetic approach 
can be effectively applied either in virro or in vivo, although 
the in virro route is usually quicker. The chemical approach 
can also be applied to either son of biological system; here, 
however, the bulk of consistently acquired information is 
in experimental animals (rats and mice). While most biolo- 
gists know a short list of compounds having specific, experi- 
mentally useful effects <e\jr.. inhibitors of protein synthesis, 
ionophores, polymerase inhibitors, channel blockers, nu- 
cleotide analogs. and compounds affecting polymerization 
of cytoskeletal proteins), there is a much larger number of 
interesting chemically-induced effects, most of them char- 
acterized by toxicologisis and pharmacologists in rodent 
systems. Just as a thorough genetic analysis would involve 
saturating a genome with mutations, it is possible to ima- 
gine a saturating number of drugs, the analysis of whose ac- 
tions would reveal the complete biochemistry of the cell. 
While organized drug discovery efTorts usually target spe- 
cific desired effects, the nature of the process, with its de- 
pendence on screening large numbers of compounds, ne- 
cessarily produces many unanticipated effects* It is there- 
fore reasonable to suppose that the required broad range of 
compounds necessary- to achieve "biochemical saturation" 
may be forthcoming: in fact.it may already exist among the 
hundreds of thousands of compounds that failed to qualify 
as drugs. 

Among organs, the liver is an obvious choice for the study 
of chemical effects because of its well-known plasticity and 
responsiveness. The brain appears to be quite plastic (e.g. 
[7J), but it is a complicated mixture of cell types requiring 
skillful dissection for most experiments. The kidney, while 
quite responsive, also presents a potentially confounding 
mixture of cell types. The liver, by contrast, is made up of 
one predominant cell type which is easy to solubilize: the 
hepatocyte, representing more than 95% of its mass. Most 
importantly, the liver performs many homeostatic func- 
tions that require rapid modulation of gene expression. It 
appears that most chemical agents tested affect gene ex- 
pression in the liver at some dosage (N. Leigh Anderson, 
unpublished observations), an interesting contrast to our 
earlier work with lymphocytes, for example, which seem to 
be much less responsive. Such results conform to the expec- 
tation that cells with a homeostatic, physiological role 
should be more plastic than cells differentiated for a pur- 
pose dependent on the action of a limited number of spe- 
cific genes. 

The liver also allows the parallels between in virro and in 
vivo systems to be examined in detail. Significant progress 



has been made in the development of mous- ra - 
man hepatocyte culture systems, as well as in nre^ n * 
tissue slices. Using such an array of techniques vT^- 
ble to assemble a matrix of mammalian svstems in- 
mouse and rat in vivo on one level and mouse, rat 



man in vuro.on a second level, and to compare eff- } 
tween species and between systems. This approach" v * V 
us to draw informed conclusions reeardinfi the bioch-^ 
"universality" of biological responses amone the ma"^"" 
and to offer some insight into the validity of m r„\**'' 

screening. We believe 
will be necessary if ,„ xitro alternatives are to achievr ^ 
usage in government-mandated safetv testine of oW K: 
sumer products and industrial and agricultural ch,-.^* 

A number of interesting studies have been published u* 
2-D mapping to examine effects in the rodent liver An 
ber of investigarors have made use of the technic J^' 
screen for existing genetic variants [S-l 1 ] or induced I mV 
lions 112-14], mainly in the mouse. This work builds on ip"' 
wealth of genetic information available on the mouse anv- 
ils established position as a mammalian mutation-dei- 
lion sysiem. While some studies of chemical effects haw 
been undertaken in the mouse (15-17). most have used th- 
rat [18-23]. The examination of the cytochrome p-450 sv*. 
lem, m particular, has been carried out almost exclusiveh 
on the rat [24. 25]. 

These considerations lead us to conclude that rodent tivr 
ofTers the best opportunity to systematically examine an 
array of gene regulation systems, and ultimately to build a 
predictive model of large-scale mammalian gene control 
The basic underlying foundation of such a project is a reli- 
able, reproducible master 2-D patiern of liver, lo which on- 
going experimental results can be referred. In this paper, we 
report such a master pattern for the acidic and neutral pro- 
teins of rat liver ( patiern F344MST3 ). In future, this master 
will be supplemented by maps of basic proteins.and analog- 
ous maps of mouse and human liver. 



2 Materials and methods 
2.1 Sample preparation 

Liver is an ideal sample material for most biochemical stud- 
ies, including 2-D analysis. A sample is taken of approxima- 
tely 0.5 g of tissue from the apical end of the left lobe of the 
liver. Solubilization is effected as rapidly as practical; a 
delay of 5-15 min appears to cause no major alteration in 
liver proiein composition if the liver pieces are kept cold 
(e.g., on ice) in the interim. In the solubilization process, 
the liver sample is weighed, placed in a glass homogenize 
(e\g., 15 mL Wheaton); 8 volumes of solubilizing solution* 

• The solubiltzinp solution is composed of2% NP-40 (Sigma).? * urea 
(analytical grade, e.r.. BDH or Bio-Rad). 0.5 <fc dithioihreiiol (°TT: 
Sigma) and 2 learner ampholytes (pH 9- II LKB: these come « * & ' 
stock solution, so 2% final concentration is achieved by making 
solution 10%o 9—11 Ampholine by volume). A large batch of solubili** 
(several hundred mL) is made and stored frozen at -80°C in at* 1 * 00 
sufficient 10 provide enough for one day's estimated sample P^^T 
lion requirement. The solution is never allowed to become ••"^T 
lhan room temperature at any stage during preparation or thJ*i°l . 
use. since heating of concentrated urea solutions can produce cont> ^ 
nants that covalently modify proteins producing artifactutl cWF 
shifii. Once thawed, any unused solubilizer is discarded. 
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(i.e., 4 mL per 05 g tissue) and the mixture is ho- 
ld using first the loose- and then then the light-fii* 
J glass pestle. This takes approximately 5 strokes with 
4 pestle and is carried out at room temperature because 
et would crystallize out in the cold. Once the liver sample 
thoroughly homogenized in the solubilizer. it is assumed 
4 all the proteins are denatured (by the chao tropic c fleet 
the urea and NP-40 detergent) and the enzymes inacti- 
ted by the high pH (-9.5). Therefore these samples may 
;kept at room temperature until they can be centriruged 
frozen as a group (within several hours of preparation). 
ie samples are centrifuged for 6 X 1 0" * min {e.g.. 500 000 
f for 12 min using a Beckman TL-100 centrifuge). The 
atrifuge rotor is maintained at just below room tempera- 
ire (e.g.. 15— 20°C), but not too cold, so as to prevent the 
xcipitation of urea. The centrifuge of choice is a Beckman 
H00 because of the sample tube sizes available, but any 
Itracentrifuge accepting smallish tubes will suffice. When 
i appropriate centrifuge is not available near the site of 
unple preparation, samples can be frozen at —80 C C and 
tawed prior to centrifugation and collection of superna- 
ints.Each supernatant is carefully removed following cen- 
ifugation and aliquoted into at least 4 clean tubes forsior- 
ge.This is done by transferring all the supernatant to one 
lean tube, mixing this gently (to assure homogeneous 
imposition) and then dividing it into 4 aiiquots. The ali- 
uots are frozen immediately at — 80°C. These multiple ali- 
uots can provide insurance against a failed run or a freezer 
-reakdown. 



12 Two-dimensional electrophoresis 

Jample proteins are resolved by 2-D electrophoresis using 
he 20 X 25 cm Iso-Dalt' 2-D gel system ([26-29]; pro- 
duced by LSB and by Hoefer Scientific Instruments, San 
Francisco) operating with 20 gels per batch. All firsi-dimen- 
iional isoelectric focusing (IEF) gels are prepared using the 
same single standardized batch of carrier ampholytes 
2PH 4-8A in the present case, selected by LSB's batch- 
nesting program for rat and mouse database work**). A 10 
^sample of solubilized liver protein is applied to each gel, 
and the gels are run for 33 000 to 34500 volt-hours using a 
progressively increasing voltage protocol implemented by 
^programmable high-voltage power supply. An Ange- 
ligue" computer-controlled gradient-casting system (pro- 
duced by LSB) is used to prepare second-dimensional sod- 
ium dodecyl sulfate (SDS) polyacrylamide gradient slab 
ids in which the top 5 % of the gel is 1 1 %T acrylamide, and 
the lower 95 % of the gel varies linearly from 1 1 % to 1 8 %T. 

£jus system has recently been modified so as to employ a 
gmmercially available 30.8%T aery lamide/A',A p -roe thy le- 
Aebisacrylamide prepared solution (thus avoiding the han- 
ttuig of the solid acryiamide monomer) and three addi- 
tional stock solutions: butler (made from Sigma pre-set 
ftis), persulfate and - A'.A^A'-tetramethylethylenedi- 
.giLQe (TEMED). Each gel is identified by a computer- 
ggnted filter paper label polymerized into the lower left cor- 
\pf the gel. First-dimensional IEF tube gels are loaded 




s materia] (succeeding certified batches of whidi are available from 
oefer Scientific Instrumenu) has the most linear pH gradient pro- 
need by any ampholyte tested except for the Pharmacia wide range 
which has an unacceptable tendency to bind high* molecular weight 
die proteins, causing them to streak). 



directly (as extruded) onto the slab gels without equilibra- 
tion, and held in place by polyester fabric wedges (Wed- 
gies**, produced by LSB) to avoid the use of hot agarose. 
Second-dimensional slab gels are run overnight, in groups 
of 20, in cooled DAU tanks (10°C) with buffer circulation. 
All run. parameters, reagent source and lot information, 
and notations of deviation from expected results are ente- 
red by the technician responsible on a detailed, multi-page 
record of the experiment. 

13 Staining 

Following SDS-electrophoresis. slab gels are stained for 
protein using a colloidal Coomassie Blue G-250 procedure 
in covered plastic boxes, with 10 gels (totalling approxima- 
tely 1 L of gel) per box. This procedure (based on the work 
of Neuhoff[30,31]) involves fixation in 1.5 L of 50% etha- 
nol and 2% phosphoric acid for2h. three 30 min washes, 
each in 2L of cold up water, and transfer to 1.5 L of 34% 
methanol, 17% ammonium sulfate and 2 % phosphoric acid 
for 1 h. followed by the addition of a gram of powdered Coo- 
massie Blue G-250 stain. Staining requires approximately 4 
days to reach equilibrium intensity, whereupon gels are 
transferred to cool tap water and their surfaces rinsed to re- 
move any particulate stain prior to scanning. Gels may be 
kept for several months in water with added sodium azide. 
The water washes remove ethanol that would dissolve the 
stain (and render the system noncolloidal. with high back- 
grounds). The concentrated ammonium sulfate and meth- 
anol solution is diluted by equilibration with the water vol- 
ume of the gels to automatically achieve the correct final 
concentrations for colloidal staining. Practical advantages 
of this staining approach can be summarized as follows: (i) 
the low, flat background makes computer evaluation of 
small spots (max OD < 0.02) possible, especially when 
using laser densitometry; (") up to 1500 spots can be reli- 
ably detected on many gels (e.g.. rat liver) at loadings low 
enough to preserve excellent resolution; and (iii) reprodu- 
cibility appears to be very good: at least several hundred 
spots have coefficients of reproducibility less than 15%. 
TTiis value is at least as good as previous CBB methods, and , 
significantly better than many silver stain systems. 

2.4 Positional standardization 

The carbamylated rabbit muscle creatine phosphokinase 
(CPK) standards [32] are purchased from Pharmacia and 
BDH. Amino acid compositions, and numbers of residues 
present in proteins used for internal standardization, are 
taken from the Protein Identification Resource (PIR) se- 
quence database [33). 



2.5 Computer analysis 

Stained slab gels are digitized in red light at 134 micron re- 
solution, using either a Molecular Dynamics laser scanner 
(with pixel sampling) or an Eikontx 78/99 CCD scanner. 
Raw digitized gel images are archived on high-density DAT 
tape (or equivalent storage media) and a greyscale video- 
print prepared from the raw digital image as hard-copy 
backup of the gel image. Gels are processed using the Kep- 
ler* software system (produced by LSB), a commercially 
available workstation-based software package built on 
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some of the principles of the earlier TYCHO system [34- 
41]. Procedure PROC008 is used to yield a spotlist giving 
position, shape and density information for each detected 
spot. This procedure makes use of digital filtering, mathe- 
matical morphology techniques and digital masking to re- 
move the background, and uses full 2-D least-squares opti- 
mization to refine the parameters of a 2-D Gaussian shape 
for each spot. Processing parameters and file locations are 
stored in a relational database, while various log files detail- 
ing operation of the automatic analysis software are ar- 
chived with the reduced data.The computed resolution and 
level of Gaussian convergence of each gel are inspected 
and archived for quality control purposes. 

Experiment packages are constructed using the Kepler ex- 
periment definition database to assemble groups of 2-D 
patterns corresponding to the experimental groups (e.g 
treated and control animals). Each 2-D pattern is matched 
to the appropriate "master 2-D pattern (pattern 
F344MST3 in the case of Fischer 344 rat liver), thereby 
providing linkage to the existing rodent protein 2-D data- 
bases. The software allows experiments containing hun- 
dreds of gels to be constructed and analyzed as a unit, with 
up to 100 gels displayed on the screen at one time for com- 
parative purposes and multiple pages to accommodate ex- 
periments of > 1000 gels. For each treatment, proteins 
showing significant quantitative differences vs. appropriate 
controls are selected using group-wise statistical parame- 
ters (e.g.. Student's t-test, Kepler* procedure STUDENT). 
Proteins satisfying various quantitative criteria (such as P< 
0.001 difference from appropriate controls) are repre- 
sented as highlighted spots onscreen or on computer-plot- 
ted protein maps and stored as spot populations (i.e., logi- 
cal vectors) in a liver protein database. Quantitative' data 
(spot parameters, statistical or other computed values) are 
stored as real-valued vectors in the database. Anal vsis of co- 
regulation is performed using a Pierson product-moment 
correlation (Kepler procedure CORREL) to determine 
whether groups of proteins are coordinately regulated by 
any of the treatments. Such groups can be presented graphi- 
cally on a protein map t and reported together with the statis- 
tical criteria used to assess the level of coregulation. Multi- 
variate statistical analysis (e.g., principal components' ana- 
lysis) is performed on data exported to S AS (S AS Institute) 



2.6 Graphical data output 

Graphical results are prepared in GKS and translated 
within Kepler* into output for any of a variety of devices 
Lmedrawing output is typically prepared as Postscript and 
printed on an Apple LaserWriter. Detailed maps presented 
here have been generated using an ultra-high-resolution 
Postscript-compatible Linotronic output device. Greyscale 

workstation screen using 
a Seikosha videopnmer. Patterns are shown in the standard 
orientation, with high molecular mass at the top and acidic 
proteins to the left. 

2.7 Experiment LSBC04 

In the study described here 12-week-old Charles River 
male F344 rats were used. Diets were prepared at LSB 
based on a Purina 5755M Basal Purified Diet. Lovastatin' 
and cholestyramine were obtained as prescription pharma- 



ceuticals, ground and mixed with tbe diet a, r„ 
of 0.075% and J %. respectively. The h S "S***** 
was Punna 5801M-A (5% cholesterol pit, & ero1 £ 
late in the control diet). Animal work was LrtJ? d,Um *o- 
etiological Associates (Bethesda. MD) a£ ' ? m b >M- 
climatized for one week on the control diet HS?** * 
tro diets for one week, and sacrificed on dav 8 i° f COn - 
daily doses of lovastatin and cholestyramine " W^** 
groups were 37 mg/kg/day and 5 g/kg/dav r«« ° Pr,ai; 
based on the weight of the food consumed Lil" P s ec,ivtl >- 
were collected and prepared for2-D eleciroph or « 
ing to the standard liver protocol (hnJZ es,Sa "ors. 
volumes of 9 m urea. 2% NpT fe?' 10 " » « 
LKB pH 9-1 1 carrier ampholvte S follow? L° ,hreil01 - * 
»on for 30 min at nm^TuSSX^™*** 
samp^s were frozen. Gels were run as de cXV:.?"" 
and the data was analyzed using the Keple" s "st em r ° Vt - 
were scaled, to remove the effect of differenr.c " Gdl 
loading, by setting the summed abundances of 
ber of matched spots equal for each gel (linear Shir 

3 Results and discussion 
3.1 The rat liver protein 2-D map 

F344MST3 is a standard 2-D pattern of ™i iiv*r ^ - 
based on the F,scher 344 .JSp^ES 
from a single 2-D gel and extensively edited in an «5£ 
mem comparing it to a range of protein loads, so as ? ,n 
elude both small spots and well-resolved representations of 
h lg h-abundance spots. More than 700 rat live ?2-D mSS? 
have been matched to F344MST3 in a series of drug eK 
and protein charactenzation experiments, and numerous 

S«n?H°H tt H ^ SPCCifiC drUgS * for insianceThw 

been added as a result. A modified version including add,. 

nonal spots present m the Sprague-Dawley outbred rat has 

also been developed (data not shown). Figure 1 shows a 

greyscale representation and Fig. 2 a schematic plot of the 

master pattern. More than 1200 spots are included most of 

which are visible on typical gels loaded with 10 uLof solubi- 

Iized liver protein prepared by the standard method and 

K lam /?,ci£ f° Il0idaI Cooma5sic Master spot num- 
bers (MSN s) have been assigned to all proteins, and ap- 
pear in the following figures, each showing one quadrani of 
the pattern. Figure 3 shows the upper left (acidic, high 
molecular mass) quadrani. Fig. 4 the upper right (basic, 
high molecular mass) quadrant. Fig. 5 the lower left (acidic, 
ow molecular mass) quadrant, and Fig. 6 the lower right 
(basic, low molecular mass) quadrant. The quadrants over- 
lap as an aid to moving between them. Tbe gel position (in 
100 micron units), isoelectric point (relative to the CPK in- 
ternal pi standards) and SDS molecular mass (from the cali- 
bration curve in Fig. 8) are listed for each spot (Table 1). Be- 
cause of the precision of the CPK-p/ values, these parame- 
ters can be used to relate spot locations between gel sys- 
tems more reliably than using pi measurements expressed 
as pH. A major objective of current studies is the identifica- 
tion of all major spots corresponding to known liver pro- 
teins, as well as rigorous definitions of subcellular org* - 
nelle contents. Of particular interest to us is the parallel de- 
velopment of identifications in the rat and mouse H vcf 
maps, allowing detailed comparisons of gene expression ef- 
fects in the two systems.The results of these studies will be 
presented systematically in a later edition of this database 
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|Vc include here a useful series of 22 orienting identifi- 
tJcmsas an aid to other users of the rat liver pattern (Table 

I Cirbimylated charge standards* computed pfs mad 
» molecular mass standardization 

fcbave previously shown thai the use of a system of close- 
spaced interna] pi markers (made by carbamylating a 
isic protein) offers an accurate and workable solution to 
ie problem of assigning positions in the pi dimension [32]. 
be same system, based oo 36 protein species made by car- 
ainylating rabbit muscle CPK. has been used here to as* 
ign p/*s 10 most rat liver acidic and neutral proteins. The 
tasdards were coelectrophoresed with total liver proteins, 
ad the standard spots added to a special version of the 
easier pattern F344MST3. The gel A-coordinaies of all 
;ver protein spots lying within the CPK charge train were 
hen transformed into CPK pi positions by interpolation 
>etween the positions of immediately adjacent standards 

Table 1) using a Kepler* vecior procedure. 

»■ 

t has proven possible to compute fairly accurate pi values 
or many proteins from the amino acid composition [42]. 
Nt have attempted here to test a further elaboration of this 
ipproach.in which we computed p/" s for the CPK standards 
;hemselves, based on our knowledge of the rabbii muscle 
CPK sequence and the fact that adjacent members of the 
iarge train typically differ by blockage of one additional ly- 
sme residue (Table 3). We compared these values to similar 
computed pfs for an additional set of carbamylated stand- 
ards made from human hemoglobin beta chains and a se- 
ries of rat liver and human plasma proteins of known posi- 
tion and sequence (Fig. 7, Table 4). The result demonstrates 
good concordance between these systems. Two proteins 
show significant deviations: liver fatty-acid binding protein 
(FABP; #1 in Table 4) and protein disulphide isomerase 
(#20 in the table). The FABP spot present on F344MST3 
may represent a charge-modified version of a more basic 
parent spot closer to the expected p/, not resolved in the 
1EF/SDS gel. Of particular importance is the fact that, by 
comparing computed p/"s of sequenced but unlocated pro- 
terns with the CPK p/s, we can assign a probable gel loca- 
$ob without making any assumptions regarding the actual 
gel pH gradient. This offers a useful shortcut, given the va- 
garies of pH measurement on small diameter IEF gels. We 
®?e used this approach to compute the CPK pfs of all rat 
fad mouse proteins in the PIR sequence database, as an aid 
rotein identification (data not shown). 
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order to standardize SDS molecular weight (SDS-MW). 
have used a standard curve fitted to a series of identified 
Jjpteins (Fig. 8). Rather than using molecular mass per «, 
?e have elected to use the number of amino acids in the 
Polypeptide chain, as perhaps a better indication of the 
i&ggth of the SDS-coated rod that is sieved by the second 
SSiension slab. The resulting values were multiplied by 
(the weighted average mass of amino acids in se- 
enced proteins) to give predicted molecular masses. Be- 
se we use gradient slabs, we have not constrained the fit- 
curve to conform to any predetermined model; rather 
tried many equations and selected the best using the 
gram "Tablecurve" on a PC. The equation chosen wasy 
+ bx+ c/x\ where vis the number of residues,* is the gel 



Y coordinate, a is 5 1 L83, is -0 .273 1 and c is 33 1 83 80 1 . The 
resulting fit appears to be fairly good over a broad range of 
molecular mass. 

3 J An example of rat liver gene regulation: Cholesterol 
metabolism 

Experiment LSBC04 was designed as a small-scale test of 
the regulation of cholesterol metabolism in vivo by three 
agents included in the diet: lovastatin (Mevacor*,an inhibi- 
tor of HMG-CoA reductase); cholestyramine (a bile acid 
sequestrant that has the effect of removing cholesterol 
from the gut-liver recirculation); and cholesterol itself. The 
first two agents should lower available cholesterol and the 
third should raise it, allowing manipulation of relevant 
gene expression control systems in both directions. Such 
an experiment offers an interesting test of the 2-D mapping 
system since mosi of the pathway enzymes are present in 
low abundance, many are membrane-bound and difficult 
to solubilize,and the pathway itself is complex. Approxima- 
tely 1000 proteins were separated and detected in liver ho- 
mogenates. Twenty-one proieins were found to be affected 
by at least one treatment, and these could be divided into 
several coregulated groups. 

33.1 MSN 413 (putative cytosolic HMG-CoA synthase) 
and sets of spots regulated coordinate!} or inversely 

One group of spots (including a spot assigned to the cyto- 
solic HMG-CoA synthase. MSN 413) showed the expected 
increase in abundance with lovastatin or cholestyramine, 
the synergistic further increase with lovastatin and cfaoles-. 
tyramine, and a dramatic decrease with the high cholesterol 
diet. Spot number 413 is the most strongly regulated pro- 
tein in the present experiment, showing a 5- to 10-fold in- 
duction after a 1 week treatment with 0.075 % lovastatin and 
l°/o cholestyramine in the diet (Figs. 9 and 10). Its expres- 
sion follows precisely the expectation for an enzyme whose 
abundance is controlled by the cholesterol level; it is pro- 
gressively increased from the control levels by cholestyra- 
mine, lovastatin and lovastatin plus cholestyramine, and it 
sinks below the threshold of detection in animals fed the 
high cholesterol diet. This spot has been tentatively identi- 
fied as the cytosolic HMG-CoA synthase, based on a reac- 
tion with an antiserum to that protein provided by Dr. Mi- 
chael Greenspan at Merck Sharp &. Dohme Research Labo- 
ratories. This enzyme lies immediately before HMG-CoA 
reductase in the liver cholesterol biosynthesis pathway, and 
is known to be co-regulated with it. Spot 413 has an SDS 
molecular weight of about 54 000 and a CPK p/ of-1 1.4, in 
reasonably close agreement with a molecular weight of 
57300 and a CPK p/ of -15.7 computed from the known se- 
quence of the hamster enzyme [43], 

Using a classical product-moment correlation test (Kepler 
procedure CORREL), a series of five additional spots was 
found to be coregulated with 4 13. The level of correlation 
was exceedingly high (> 95%). Two of these, 1250 and 933, 
are at similar molecular weights and approximately one 
charge more acidic than 413 (Fig. 9), indicating that they 
may be covalently modified forms of the 413 polypeptide. 
This suspicion is strengthened by the observation that both 
spots are also stained by the antibody to cytosolic HMG- 
CoA synthase. The remaining three correlated spots appear 
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to comprise an additional related pair (1253 and loon rt r 
around 40 kDa and , single spot (1, ,9) SSSl Ti£ 

SSSSvi 6 * 1 k° p I esumcd proieins are p'""' at suk>: 

fvnl ^ G "CoA puihase .s reported to consist of onlvone 

S.v , P >1,e , Pl,d . e ' lhCyare ,ike, - Vt0 rc P resent other.' ven- 
tightly coregulated enzymes. A second group of six spots 
was selected based on a regulatory pattern close to the in- 
verse of that for spot 413 (MSN's 34. 79. 178. 182.204 347 
data not shown). For these proteins, the lowest level of ex- 
pression occurs with exposure to lovasutin plus cholestyra- 
mine and the highest level upon exposure to the high-cho- 
lesierol diet Spots 182 and 79 are highly correlated and lie 
about one charge apart at the same molecular weight- thev 
may thus be isoforms of a single protein. The other four 
spots probably represent additional enzymes or subunits. 

332 MSN 235 and coregulated spots 

A third group of five spots, mainly comprised of mitochon- 
drial proteins including putative mitochondrial HMG- 
CoA synthase spots.showed a modest induction by lovasu- 
tin alone, but little or no effect with any of the other treat- 
ments (including the combination of lovasutin arid choles- 
tyramine; Fig. 12). This result is intriguing because lovasu- 
tin was expected to affect only the regulation of enzvmes of 
cholesterol synthesis, which is entirely exira-muochon- 
dnal. Three of the spots (235. 134. 144) form a closely- 
packed triad at approximately 30 kDa. and are likely to re- 

hv C f n"! TfT ° f ° RC Pr0tein - ^ J P ots a " ruined 
by an antibody to the mitochondrial form of HMG-CoA 

synthase obtained from Dr. Greenspan. Subcellular fractio- 
nal indicates a mitochondrial location. The other two 
spots (633 at about 38 kDa and 724 at about 69 kDa) are 
each present at lower abundance than the members of the 



3JJ An example or an anti-synergistic effect 

A sixth spot (367) shows strong induction by lovasutin 
two- to threefold), and about half as much induction with 
lovasutin plus cholestyramine, but without sharing the ani- 
mal-animal heterogeneity pattern of the 235-set (Fig 13) 
This protein is also mitochondrial, and represents the clear- 
est example of an anti-synergistic effect of lovasutin and 
cholestyramine. The existence of such an effect demon- 

! vt !M lo ^ tia « a <*olestyramine do not act exclu- 
sively through the same regulatory pathway. 

3.3.4 Complexity of tie cholesterol synthesis pathway 

3** cn . t0 *f ther > ^eseresults su **«» ""I treatment with lo- 
vasutin alone can affect both cytosolic and mitochondrial 
pathways using HMG-CoA. while cholestyramine, on the 
other hand, either alone or in combination with lovasutin 
JETS n Str0ng o . CfreCl 0n P™*' cytosolic pathway 
wav I" " ?° CfreCt ,° D puta,ivc mitochondrial path- 
way. An explanation for this difference may lie in lovasu- 
tin s effect on , cve is of HMG-CoA and related precursor 
compounds that are exchanged between the cytosol and 
the mitochondrion, whereas cholestyramine should affect 
only the cytosolic pathways directly controlled by cholester- 
ol and bile acid levels.lt remains to be explained why some 



*"-"-»« iii.«. ^ 

proteins of the puutive mitochondrial Dathu:i 
much more variable in their expression in all 1 " are *> 
am,nat,on of all the coregulated groups ItlZT*^ 
mauve statistical techniques can extrac a l C a ti r QU4 ' ) - 
estmg information from large sets ofreproducib I 
abundance of spots in the 413 coregulaiion voIEI^ 
Ple.shows an amazing level of concordance * Ih i r ^ m - 
express.011 among the five individuals of the lov asia U,,Vt 
cholestyramine treatment group. This effect I no f J ani 
differences in total protein loading. since thev ha ° 1 e 10 
been removed by scaling, and since proieins i *' ^ 
ferent regulation patterns can be demons"™ " frr* 
3 ). Such effects raise the possibility that manv gene c t F * 
lation sets may be revealed through the „„d of tu ' 
cently large population of contro^nTrnal ™ 
any experimental manipulation). This approach alS*'' 
natural biological variation in protein expressing " s 
drug effects, offers an important taSnZWS? ° f 
t.on of a large library of control animal pattern, 



4 Conclusions 

Because of the widespread use of rat liver in both basic bin. 

comprehensive database ofliver proteins. Tht rat hverma* 
ter pattern presented here has proven to be an accural - 

th^ n nn lI °r SySlCm * haVmg becn malch ^ "> more 

Xenn^° T'^ Dumbcr ° f P™"°s identify 
and the number of compounds tested for gene expression 
ejects grows, w C expect this database to contribute valu- 
able insights into gene regulation. Its practical utility ,n sew 
era] areas of mechanistic toxicology is alreadv being de- 
monstrated. 6 
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6 Addendum 1: Figure* 1-13 
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'*vm L Synthetic representation of the standard rat liver 2-D master pattern, rendered as » greyscale 



image using a videoprimer. 
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>*2. Schematic representation of the master pattern (the same as Fig. 1 ). useful as an aid in relating specific areas of Fig. 1 and the followmg detailed 
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figure J. Upper left <fai*b molecular weitht, acidic) quadrant (#1) of ibc rat liver 



rJM) 

C4£l 



map, showing spot numbers. 




Diubasr of rai liver praictm 917 



iM 




im 



C*" O*** O 313 
-J«3 



-JO); 



c»>J 



oro»i rf 55 ^ cB Uir O^Kiis 




OJT7 



0 v 



1 oi*tt 



Qt>»» £J0I~' 



•jii: 





ollSO 



si 10* 



—mi 



CM* 




f«6 



0,11 C** O*' ^^Sis °^ 



QJ2J3 



o>>>* 



o" 5 



■I 



QSOt 



01} 



cz>- 



Pfrr < Upper rifht (high molcculir wcighi. basic) quadrant (#2) of the rai hver map. showing spoi numberv 



v 
*\ 

4 - 



918 



rtml 



CMS 



r**s '-mi;,-. 



0"' c« ^ ^ 



°C* < G* 72 



15* 



-j at: 



QjTl 



n: 



C 4 * 



O* 3 



' — S3 1 T 



£1111 



c= 



OOP 



MM 



""MltS 



C*13 



"VJ' - 



•tl 



c— 

o° 



O 



QOI 




C* 2 " 



3 



/7*i/re J. Lower teft (low molecular weifhi. acidic) quadrant (#3) of the rat liver rrup. showing spot numbers. 



Database of rai liver protein* 919 




/-O03D 



-: :n 



c ,tB; 



O" 



0= 



o 

o 



«* A Lower right (lo* molecule weight, basic) quadrant (#4) of the rai i 



iver map. showing spoi numbers. 



0} 
CL 

E 
o 

O 



4 - 



*30 -2D .10 



3 

Z 



1000 Si 




100 Dfi 



10 



CPK position 



250 



750 



1250 




Gel Y Coordinate 

figures Plot of number of amino acids versus «' > ™<.. 

curve used l0 prcd.c, molecular mass of «^in^ n ; ,:a fc 



CPK position 



« 7. (a) Plot of compmed .soelecinc point versus pe! Jt-posinon fa. 

two setsof carbamylated sundard proums (rabbu mu c,e CPK ? i «' 
human hemoglobm B ch*n. filled diamonds) ud several otheTp 0 
shade squares). ( b) The .dentiues of lhc vanous proicms £ ~ 




ft/urr 9. Moniage showmg effects in tb* 
region of MSN:413.The moniage short* 
smaJI window into one ponion of the M> 
pattern, one row of windows foreach esj** 
rimental group, and one panel for each ft* 
in the experiment. The lefi-mosi pane* 
in each row i$ i group-specific copy of in? 
master pattern followed by the patterns 
for the five individual rats in the group- 
The highlighted protein spots (filled orr- 
les) are spot 413 (on the nghi of each p»»* 
el; identified as cytosolic HMO-CoA***" 
thase)and two modified forms of it 
and 933). From the top. the rows (e*P**' 
mental groups) are: high cholesterol. 
trols, cholestyramine, lovasiatin. and W** 
statin plus cholestyramine. 
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F^ure }Q. Bargraph show,ng the quantum 
live effects of various treatments on the 
abundance of MSN:4» (cyiosolic HMG- 
CoA synthase) in the jets of Fig. 9. 




Figure J I. Bargraphs of a series of six core- 
gulated spois including MSN:413. In the 
bargraphs. the abundances of the appro- 
priate spot (master spot number shown at 
the top of the panel) in each animaJ are 
shown. The fire five-animaJ groups are in 
the order (left to right): high cholesterol, 
controls, cholestyramine, lovasutin, and 
lovasutin plus cholestyramine. Each bar 
within a group represents one experimen- 
tal animal liver(one 2-D gel). Note the cor- 
related expression of the 6 spot*, espe- 
cially in the two far right (most strongly in- 
duced) groups. 
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16N 



Y CPK* SOSMW 



Y CPKol SOSMW 



15 
17 
IB 
19 
20 

n 

22 
23 
24 

25 
27 
20 
29 
30 
32 
33 
34 
35 
36 
30 
30 
41 
42 
43 



311 



434 

263 



812 
540 
645 



520 
569 
414 



755 
649 
1204 
332 
787 
313 
807 
1184 
1263 
743 
766 
1216 
1145 
1037 



46 

47 
40 
49 

,50 
51 
52 
"53 
54 
55 
56 
57 
56 
59 
60 
61 
62 
65 
66 
67 
60 
69 
71 
72 
73 
74 
75 
76 
77 
7B 
79 
00 
61 
82 
83 
84 
05 
86 
87 
88 
09 
90 
91 
92 
93 
94 



712 
763 
304 
1165 
664 
1318 
1924 
1203 
1391 
309 
605 
621 
1113 
1620 
725 
2001 
722 
678 
1662 
1091 
1171 
1400 
1853 
1888 
735 
1263 
1252 
779 
1064 
656 
630 
1582 
1570 
1264 
1338 
1833 
1767 
925 
534 
1811 
1412 
1471 
1662 
1596 
1817 
516 
1589 
1706 
651 
1415 
1773 
1330 
1708 



403 



434 
424 

417 

516 

524 

446 

605 

112 

417 

445 

555 

412 

606 

694 

470 



607 
569 
362 
566 
447 
454 
587 
535 



400 

177 

500 

830 

533 

302 

580 

585 

624 

506 

567 

297 

312 

407 

662 



589 
545 
583 
556 
621 



363 
565 
738 
698 
363 
681 
347 
563 
479 
301 
1371 



«-35.0 
-24.3 
•16.0 



710 
329 
710 
545 
446 
696 



-15.3 
-21 .6 
•14.0 
-17.5 
•20.9 
-8.7 
<-35.0 
-16.6 
c-35.0 
-16.1 
•0.0 
•6.0 
-17.8 
•17.2 
-8.6 
•9.5 
-113 
-14.0 
-10.7 
-17.3 
<-35.0 
-9.2 
-19.6 
•7.3 
-0 1 
-8.7 
•6.3 
<-35.0 
-22.5 
-21.8 
-10.0 
•0.9 
-183 
>0.0 
•16.4 
-19.6 
-2.5 
-10.3 
-9.2 
-6.2 
-0.6 
-04 
-18.1 
•6.0 
*8.1 
-16.6 
-10.8 
•20.6 
-21.2 
-3.6 
•3.0 
•6.0 
-7.0 
•0.6 
-1.5 
-13.6 
•26.1 
•1.0 
-6.0 
-5.0 
-2.7 
-3.4 
-0.9 
-27.0 
•3.5 
-2.2 
•20.8 
-6.0 
-1.4 
-7.0 
-2.2 



63.800 
102.900 

64.800 
101.000 



50.000 



67.000 
62.100 
63.600 
65.000 
66.000 

54.000 



49.000 
348.600 
66.000 



52.400 
66.600 
48.000 
43.600 
56.800 
51.400 
48.800 
50.000 
74.600 
50.200 
62.300 
61.500 
50.100 
53.000 
55.000 
57.000 
170.800 
56.000 
37.300 
54.100 
89.000 
50.60C 
50.300 
47.800 
56.200 
51.500 
90,500 
85,900 
67,300 
43.000 
90.80C 
50.000 
53.100 
50.400 
52.300 
46.000 
51.800 
74.400 
51,700 
41.600 
43.600 
74.500 
44.500 
77.500 
51.800 
58.000 
89.100 
17.400 
43.600 
4Z500 
81.700 
43.000 
53.200 
62.300 
43.700 



06 
97 



100 

101 

102 

103 

104 

105 

106 

107 

106 

109 

110 

111 

113 

114 

115 

116 

117 

ne 

120 
121 
122 
123 
124 
125 
126 
127 
128 
129 

130 

131 

132 

133 

134 

135 

136 

137 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

148 

149 

150 

151 

152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
164 
166 
167 
160 
169 
170 
171 
172 
173 



1119 
1731 
1033 
1406 
578 
2004 
1106 



536 

756 



1149 



773 

312 
1769 
1! 
11 
1482 

778 
1728 
1191 

i; 



1146 
1546 
1060 
1530 



1572 
23 

621 
1296 

872 
1000 
1229 
1422 
1776 
1930 

660 



1271 
1161 

453 
1856 
1504 
1468 
1689 

311 
1366 
1429 

615 



1070 
1347 
541 
1645 
1269 
1507 
1722 
932 
1031 
1970 
1258 
1275 
1663 
1034 
1953 
1020 
1566 
1905 
1340 
1506 
1338 
1969 
600 
476 
919 



830 
1162 
1117 



720 
807 



516 
700 
680 
185 
907 
610 
849 
577 



423 

712 
1433 
1474 
862 
921 
717 
311 
832 
499 
757 
537 
1019 
862 
1389 
1063 
823 
697 
707 
756 
1417 
915 
346 
1017 



518 
1106 
578 
1481 
760 
236 
911 
448 
503 
294 
684 
183 
417 
820 
527 
771 
1462 
806 
565 
161 
563 
678 
541 
378 
956 
1314 



-9.9 

-2.0 
-11.4 
-6.1 
-23.8 
>0.0 
-10,1 
-28.5 
-20.2 
-17.0 
<-35.0 
-1.5 
•3.6 
-2.4 
-4.8 
-16.9 
-2.0 
-6.9 
-7.5 
-19.6 
-0.5 
•4.1 
-11.1 
-4.3 
-154 
•3.8 
<*35.0 
-21.9 
-7.5 
•14.7 
-12.0 
-8.4 
-5.8 
-1.4 
-0.1 
•20.4 
-20.2 
-7.9 
-9.3 
'-29.7 
-0.6 
-4.6 
-4.8 
-2.4 
<-35.0 
-6.7 
•5.7 
-22.1 
>0.0 
>0.0 
-10.7 
•6.9 
-25.7 
-2.8 
-7.9 
•4.5 
-2.1 
-13.5 
-11 4 
>0.0 
-8.1 
-7.8 
•2.6 
•114 
>0.0 
-11.6 
-3.8 
•0.2 
-7.0 
-4.6 
-7.0 
>0.0 
-16.3 
•28.7 
•13.7 



53.800 
40.700 
51.600 
51.700 
25.000 
53.700 
47.900 
61.300 
37.300 
23.600 
26.100 
56.100 
42.500 
38.30C 
49.700 
55.500 
43.50C 
44.500 
160.600 

34.1 a 

40.7OC 
36.50C 
50.80C 
3740C 
65.20C 
4Z0OC 

15.3a 

13.0OC 
36.00C 
33.5a 
42.6a 

86,ia 

37.3a 

57.oa 
40.7a 
53.ea 

29.7a 

36.oa 
i6.8a 
28.1 a 

37.7a 
43.7a 

43.2a 

40.7a 

i5.sa 

33.8a 
77.9a 
29.8a 

5i.6a 

55.3a 
26.5a 

so.ea 
i3.7a 

40.5a 

117.0a 

33.9a 

62.i a 

56.6a 

9i.4a 

44.400 
1624a 
65.9a 
37.8a 
54.6a 

40.0a 
13.7a 

38.4a 

51 .7a 
164.9a 

50.4a 
44.7a 
53.5a 
71.800 

32.1a 
10.3a 



MSN 



V CPKol SOSMW 



174 

175 

177 

178 

170 

180 

181 

162 

184 

185 

186 

187 

168 

191 

192 

193 

194 

195 

196 

197 

108 

109 

2a 

201 

202 

203 

204 

205 

206 

207 

206 

210 

211 

213 

214 

215 

216 

217 

218 

210 

220 

221 

223 

225 

226 

227 

228 



1364 



183 
303 



230 

232 

234 

235 

236 

237 

238 

239 

240 

241 

242 

243 

244 

245 

246 

247 

248 

249 

250 

251 

252 

253 

254 

255 



1! 

1321 

II 

II 
411 
804 

1660 

1997 
279 
773 

1538 

1560 

1818 

V 

1: 

784 

1227 
667 



1711 
672 



736 

786 
1224 

439 
1994 
1895 

240 

17a 

002 
1067 
1340 
1591 
1565 
1159 
031 
713 
1479 
965 
934 
1812 
621 
1586 
1065 
1S77 
1458 
1440 
1692 
618 
920 
952 
1611 
1489 
501 
1820 
1357 
711 
1855 
1189 
551 
1348 
460 
1733 
1974 



874 
753 
995 
1690 



710 
615 
567 



730 



1017 
1113 



807 
674 
687 
555 



632 
1185 
553 
661 
674 
424 
435 
253 
629 



963 
571 
687 
1418 
409 
517 
684 



W table of proteins in the m liver database, showing spot master numbered posi 
voided molecular mass (from the standard curve of Fit. 8). 



495 

755 
393 
572 
177 
911 
927 
716 
1045 
411 
14S3 
567 
890 
496 
849 
489 
1004 
1138 
1006 
541 
720 
448 
569 
656 
1182 
621 
474 
459 
604 
446 
451 
788 
392 
553 
848 
450 
679 
1006 
464 
620 



•€.7 
-15.7 
-3.6 
-7.2 
•10 4 
-0.5 
-32.1 
-16.2 
-0.6 
>0.0 
<-35.0 
-17.0 
-4.2 
•3.9 
-0.9 
-5.0 
-64 
-16.7 
-84 
-20.1 
>0.0 
-2.2 
-14.7 
<-35.0 
-18.0 
-16.7 
-8.5 
-30.9 
>0.0 
-0.3 
<-35.0 
-2.3 
-14.1 
-104 
•7.0 
-3.5 
•3.6 
-93 
-13.5 
-18.7 
-4.9 
-128 
-13.5 
-1.0 
-15.8 
•3.6 
-10.8 
-3.7 
-5.2 
-5.5 
-2.4 
-22.0 
-13.7 
-13.1 
-3.2 
-4.8 
-27.7 
-0.9 
•6.8 
-18.7 
-0.6 
-8.9 
-25.1 
-6.9 
•29.3 
-1.9 
>0.0 
-16.1 
-14.6 
•17.6 
•12.1 
-2.4 
•12.1 
-274 
44 



43,oa 
48.3a 
5i .6a 
91.2a 

42.00 

34.5a 



26.3a 
90.BO 
38.4a 



44.2a 

52.400 

ioi.ea 

47.3a 
23.7a 
52.6a 

44.5a 
44.9a 

65.00 
63.70 
107.80 
37.40 
50.00 
31.10 
51 .30 
44.20 
15.80 
57.00 
55.40 
44.40 
45.20 
57.30 
40.70 
69.30 
51 .20 
170.50 
33.90 
33.300 
42.70 

28. ea 

66.80 

13.60 

51 .60 

34 .80 

57.30 

36.500 

57.90 

30.30 

25.40 

30.20 

53.50 

42.50 

62,10 

51. 40 

45.80 

23.800 

48.00 

59.30 

61,00 

49.10 

62.10 

61. 80 

39.20 

69.5a 

52.50 

36.50 

61 ,0O 

44.6a 

30.20 
60.40 
37.80 
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tion (Jind/), isoelectric point relative to CPK standards, and 
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712 



1147 



295 



297 



1004 



65.200 
31.700 
42.900 
49.900 
27,100 
53.700 
42.600 
51,300 
27.300 
54.800 
25.100 
37,400 
67.200 
46.100 
37.600 
50.700 
55,900 
13,900 
37.800 
62,000 
43.600 
46.700 
36,000 
31.300 
12.400 
45.300 
169.200 
20.400 
30.100 
10.300 
49.800 
30.900 
33.700 
40.700 
34,700 
29,400 
14.700 
16.100 
17.600 
16.600 
54.900 
28,500 
14.400 
49.100 
13.300 
47,700 
420.500 
44,800 
44.700 
67.000 
20.100 
40.900 
43.700 
59.600 
24.700 
67.300 
88.500 
49.400 
30.300 
34.900 
50.300 
28.700 
102^00 



MSN 



345 



Y CPKol SOSMW 



347 
348 
349 

350 
351 
352 
353 
354 
355 
356 
357 
358 



1006 
1095 



361 
362 
363 
364 
365 
366 
367 



361 
110 
521 
912 
1574 
961 
706 
1450 
1374 
474 
796 
764 
1384 
1713 
1161 
914 
412 
741 
878 
1560 



578 
640 
728 



1343 
1130 
619 
S30 
912 
762 
830 
1152 
997 
346 
338 
1066 
769 
859 
1156 
435 



370 
371 
372 
373 
374 
375 
376 
377 
378 
379 
381 
382 



384 

385 



387 
368 



390 

391 

392 

393 

394 

395 

396 

397 

399 

400 

401 

403 

404 

405 

406 

409 

410 

411 

412 

413 

415 

416 

417 

416 

419 

420 

421 

422 

423 

424 

425 



434 

639 
1587 
1875 
1351 
1506 
1823 
254 
1409 
621 
1017 
953 
856 
1252 
1699 
1042 
1490 
1554 
1193 
1374 
1456 
718 
1799 
1482 
1227 
1530 
1410 
912 
1465 
1473 
1029 
1516 
1495 
1525 
723 
650 
1501 
936 
350 
1033 
737 
1576 
646 
1695 
725 
1289 
1171 
599 
929 
739 
1490 



1503 
935 
520 
441 
610 
860 
762 
1059 
715 
532 
417 
583 
494 
595 
598 
674 
258 
1518 
493 
583 
603 
404 
902 
969 
690 
732 
758 
1461 
577 
755 
256 
1063 
450 
1140 
754 
554 
1092 
252 
663 
478 
1057 
1120 
538 
425 
606 
496 
482 
770 
1041 
912 
162 
856 
625 
965 



-11.9 
-10.3 
-21.7 
-35.3 
<-35.0 
-26.7 
-13.9 
-3.7 
-12.9 
•16.9 
-5.3 
-6.5 
-28.7 
-16.3 
•17,3 
-64 
-2.1 
-9.3 
-13.8 
-32.0 
-17.9 
-14.6 
-3.9 
-12.4 
-31.0 
-21.2 
-3.6 
-0.5 
-6.8 
-4.6 
-0.9 
<-35.0 
-6.1 
-21.8 
-11.7 
-13.1 
-15.0 
-6.1 
-2.3 
-11.2 
-4.7 
-4,0 

-8.9 

-6.5 

-5.2 
-18.5 

-1.1 

-4.6 

-64 

-4.3 

-6.0 
-13.9 

-5.0 

-4.9 
-11.5 

-44 

-4.7 

-4.3 
-18.4 
•20.6 
-4.6 
-13.4 
-35.9 
-114 

-18.0 

-3.7 
-21.0 

-2.3 
-18.3 

-7.7 

-9.1 
•22.8 
13.6 
17.9 

-4.7 



50.800 
46.800 

42,000 
31,100 
18.300 
25,700 
48.100 



33.900 

40.400 

37.300 

24.900 

30.600 

77.800 

79,400 

27.900 

40,100 

36.100 

24.800 

63.700 

56.200 

13.000 

33.000 



63.000 
48,700 
36,100 
40.400 
28.300 
42.700 
54.200 
65,900 
50,400 
57.500 
49.600 
49.400 
44.900 
105.300 
12.500 
57.500 
50.400 
49,100 
67,700 
34,300 
31.700 
44,000 
41,900 
40.600 
14,400 
50.800 
40.800 
106.400 
28.100 
61.900 
25.300 
40.800 
52.500 
27.100 
106.000 
45.500 
59.000 
28.300 
26.000 
53.700 
64.900 
46.900 
57.300 
58.600 
40,000 
28.900 
33.900 
193.700 
36.200 
47,700 
31.800 




457 
450 
460 
461 
462 
463 
464 
465 
466 
468 
469 
470 
471 
472 
473 
474 
475 
476 
477 
478 
479 
480 
482 
483 
485 



487 

488 

489 

490 

491 

492 

493 

494 

495 

496 

497 

499 

500 

501 

502 

503 

504 

505 

506 

507 



743 
801 
1050 
1245 
1576 
1816 
1094 
1945 
1652 
1400 
1394 
905 
1038 
1 

1528 
1096 

849 
1814 
1388 
1194 

577 
1140 
1797 
1233 

618 
2009 
1205 
1035 

160 

469 

1009 

1216 
816 
693 
1606 

47B 
1025 
1045 
1609 

775 

692 
1100 
1760 

682 

470 

494 



863 
1137 
1125 
1072 
461 

1084 
467 
668 
524 

1133 
655 
299 
215 
7Bfi 
155 

1370 
662 
540 
235 
346 
673 

1013 
599 
607 

1186 
301 

1289 

178 



509 
510 



1414 

1234 
1246 
824 
1246 
1115 
1189 
1578 
787 
979 
1153 
1730 



776 
247 
1258 
1436 
852 
546 
1072 
659 
792 
1134 
1407 
391 
402 
250 
552 
619 
1006 



-7* 
•16.0 
-3.9 
•6.0 
-8.1 
■18.1 
•285 
-26.9 
-11.6 
-96 
-0.5 
-31.0 
<-35.0 
-1.8 
-22.8 
-17.8 
-16.2 
-11.1 
-8.2 
-3.7 
-0.9 
-10.3 
>0.0 
•2.8 
-6.1 
-6.3 
-14.0 
-11.3 
-3 4 
-43 
•10.2 
-15.2 
•0.9 
-6.3 
-8.9 
•23.9 
-96 
-1.1 
-7.6 
-21.9 
>0.0 
S.7 

-11 4 

<-35.0 
-28.9 
-22.8 
-11.6 

-8.6 
-15.9 
•193 

-3 3 
-28.6 
•11.5 
-11.2 

-3.3 
•17.0 
•19.3 
•10.2 
-1.6 
-14.5 
•28.9 
-28.1 
•12.5 
-6.0 
•83 
4.2 
-157 
•8.2 
-9.9 
•8.9 
•3.7 
-16.6 
•12.5 
-94 
-2.0 



25 4X 
25.8DC 
27.800 
58.700 

27.; 



60.100 
34.900 
54.800 
25.500 
46.000 



131. 
39. 

207.60C 
17400 
45.600 
53 .SCO 

117.400 
77.800 
44.900 
30.0DD 
49.300 
48.800 

23.700 



20.100 



11 

3i. n 

39.700 
110.1 
21. 
1! 



27.1 
45J 
39.00? 

2! 
II 



109.008 



f 



« If* 1. 12. fCT-MO 
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511 
512 
511 
514 
515 
515 
517 

5« 
519 



II 
11 

401 
1334 



464 

533 
1034 
636 



7B6 



521 



527 
S2B 
530 



534 



632 
1332 
603 
1100 
479 
768 
747 
1170 
1502 
1728 
507 
870 
1347 
1513 



1851 
1463 



540 

541 

542 

543 

544 

545 

546 

547 

548 

549 



5S6 
557 
556 



560 
562 
564 
565 
566 
567 



625 
1164 
803 
1259 
856 
803 

1162 
128 

1355 
595 

1369 
992 

1125 
705 

1477 
980 
700 

1028 



570 

S71 

573 

574 

575 

576 

577 

578 

579 

560 

561 

562 

564 

565 

566 

587 

566 

569 

500 

591 
592 
593 
594 
595 



789 
777 
980 
1519 
1212 
760 
618 
1142 
532 
771 
1068 
B22 
914 
1064 
1524 
1392 



1487 
758 
687 
930 

1688 
642 

1317 
65 

1014 
732 

1627 

1009 



1044 
1021 
779 
670 
165 
830 
1104 
309 

1 
1 

1016 
231 
542 
620 

1011 



1065 
346 
654 



962 
561 
289 
198 
655 
1143 
1526 
1071 
274 
1321 
1122 



494 

405 
410 

975 
1030 
563 
1109 
621 
794 
1446 
766 
328 
611 
661 



956 
771 
787 
250 
534 
734 
754 
794 
714 
783 



672 
731 

1152 
523 
774 
465 
519 

1548 
614 
176 
478 

1426 



-16.0 
-10.2 
-2.3 
•13.2 
•28.5 
-7.1 
•14.8 
-16.3 
•157 
-21.5 
-7.1 
-22 6 
-8.9 
-26 6 
-17.2 
-17.7 
-9.2 
-4.6 
-2.0 
-27.4 
-14.7 
-6.9 
-4.5 
<-35.0 
-0.7 
•5.1 
-13.9 
-21.7 
-9.2 
-16.2 
•6.0 
-15.0 
-16.2 
•9.3 
<-35.0 
-6.8 
•23.0 
-6.6 
-12.2 
-9.6 
-18.9 
•4.9 
-12.5 
•19.1 
-11.5 
•14.1 
-16.6 
•16.9 
-12.5 
-44 

-8.6 

-17 4 

•21 .9 
-9 6 

•26.2 

-17.1 

-10.8 

•15.7 

-13.8 

•10.6 
•4.4 
-6.3 
-12.4 

-4.6 
-17.4 
-19.5 
-135 

-04 
-21.1 

•7.3 
•35.0 
•11.7 
-18.1 

-3.0 
11.8 



58.400 
54.100 



47,100 
53.400 
28.800 
29.700 
39.600 
45.100 



37.300 
26.600 



119.1 
53.400 
48.000 
30.000 
57.900 
27.300 
77.800 
46.000 
44,100 
31.100 
52.000 
93.100 
146.200 
45.900 
25.200 
12.200 
27.600 
96.400 
19.000 



35.800 
57.500 
67.600 
66.900 
31.400 
29.300 
50.400 
26.400 
46.000 
36.900 
14.900 
40,200 
61.900 
48.600 
45.600 
49.700 
32.100 
40.000 
39,300 
109,200 
54.100 
41.800 
40.800 
38.900 



39.400 



45.000 
41.900 
24.900 
56.000 
39.900 
58.300 
55.300 
11500 
48.400 
17Z300 
59.000 
15500 
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506 


619 


597 


1176 


508 


1465 


509 


741 


600 


907 


601 


687 


602 
603 


712 


604 


896 

783 


605 
606 


736 


607 


629 
1064 



461 
1044 
1188 



1138 
181 
1461 



273 



610 

612 

613 

614 

615 

616 

617 

618 

619 



621 



624 

625 
626 
627 



631 



633 



635 

636 

637 

638 

639 

640 

641 

642 



644 

645 



648 
649 

650 

651 

652 

653 

654 



657 
656 
659 



2012 
1255 
1103 
778 
•624 
1095 
1759 
994 
751 
1429 
1050 
923 
1462 
759 
758 
1436 
1096 
942 
809 
899 
1135 
979 
1542 
1345 
409 
1165 
774 
1263 
952 
1717 
994 
165 
803 
719 
1100 
534 
1153 
1246 
14 
1713 
1966 
1378 
1442 
650 
1111 
1095 
1524 
1777 
391 
977 



661 

662 



732 
1787 
888 



665 
666 
667 



670 
671 
673 



715 
781 
646 
1116 
1382 
547 
964 



610 



391 
265 
518 
195 
478 
372 
374 
518 
520 
1105 
622 



1038 
606 
1089 
548 
621 
' 979 
1321 
615 
1076 
814 
950 
704 
604 
524 
411 
575 
292 
1224 
251 



1263 
1038 

204 
1406 
1049 
1163 

816 
1165 



551 

861 

540 

860 

564 

565 

166 

312 

567 

266 

775 

221 

227 

165 

353 

643 

789 

746 



-21.9 
-9.1 
-5.0 
-17.9 
•14.0 
•195 
-16.7 
-14.1 
-16.7 
-18.0 
-21.6 
-10.8 
-14.5 
>0.0 
•8.1 
•10.1 
-16.9 
•157 
-10.3 
-1.6 
-12.1 
-17.6 
•5.7 
•11.1 
-13.7 
•5.1 
-17 4 
•17.4 
-5.5 
•10.2 
-13.3 
-16.0 
-W.1 
•9.6 
-125 
-4.1 
-6.9 
-32.2 
-9.2 
-17.0 
•8.0 
-13.1 
-2.1 
-12.1 
<-35.0 
-16.2 
-18.5 
-10.2 
-26.1 
•9.4 
•6.2 
<-35.0 
-2.1 
>00 
-6.5 
-5.5 
•206 
-10.0 
-10.3 
-4 4 
-1.4 

-33 4 
-125 
-20.5 
•16.1 

-1.2 
•14.4 
-14.3 
•18.6 
-16.8 
-21 .0 

•9.9 

-64 
•25.3 
-124 



100.500 
60.700 



23.600 
68.000 
45.800 
25.400 
165.200 
14.400 
125.300 
96.700 
94.000 
56.700 
48,700 
34.200 
69.600 
102.000 
55.400 
149.100 
59,000 
72.900 
72,400 
55,300 
55.200 
26.600 
47.900 
124,000 
29.000 
48.900 
27.200 
53.000 
48.000 
31.300 
19.100 
48.300 
27.600 
38.000 
32.400 
43.300 
49.000 
54.800 
66.700 
51.000 
92.000 
22.400 
106.900 
90.700 
91.400 
21.000 
29.000 
140.000 
16.200 
28.600 
23.800 
36.000 
24.400 
38.400 
52.700 
36.000 
53.600 
36.000 
50.400 
51.700 
187.500 
86.100 
51.500 
100.900 
39.800 
126.300 
122.400 
189.100 
76.300 
46.600 
39.200 
41.200 



Diubut of rat liver preiems 



925 



MSN 
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674 

675 
676 
677 
678 
679 



1661 
1523 
708 
919 

1 



661 



663 1596 



685 



687 



690 
691 
692 
693 
694 

DV3 



»5 270 



697 

696 

699 

702 

703 

705 

706 

707 

709 

710 

712 

713 

714 

715 

716 

717 

718 

719 

721 

722 

723 

724 

725 

726 

727 

728 

729 

730 

731 

733 

734 

735 

736 

736 

739 

740 

741 

742 

743 

744 

745 

746 

746 

749 

750 

751 

752 

754 

755 

756 

757 

760 



1237 
1103 
1 
1 

555 
1167 
1932 
1545 
1456 
1011 
1 

812 
1154 
1993 
1628 
928 
1854 
1997 
957 
1540 
577 
1610 
1278 
1841 
1016 
1074 
293 
720 
1366 
1328 
698 
701 
1875 
575 
1216 
1069 
1272 

763 
720 

1476 

1846 
510 

1217 

1858 
665 

1321 
719 

1101 

1359 

696 

687 
1205 

995 

896 

681 
1951 

726 

999 

182 
2005 
1448 

792 

469 

664 
1195 
1621 

909 

790 



642 
615 
551 



1004 



477 
249 



1313 
790 
619 
764 



1461 
819 

656 
254 
715 
345 
563 
730 
900 
562 
571 
704 
1386 
1145 



412 
841 

263 
433 
481 
699 
702 
204 
464 
506 
822 
395 
916 
415 
473 
783 
1126 
724 
765 
312 
427 
473 
569 
220 
409 
256 
563 
596 
181 



166 
643 
1503 
649 
575 
266 



254 
184 
1113 
246 
133 



-2.7 
-4 4 

•16.8 

-13.7 
-10.5 
•22.7 
•8.3 
-10.1 
-6.1 
-34 
•24.8 
-9.2 
0.0 
-4.1 
-5.2 
-11.8 
>0.0 
•16.0 
-9 4 
>0.0 
-3.0 
-13.6 
-06 
>0.0 
-13.0 
-4.2 
-23.8 
-32 
-7.8 
-0.7 
-11.7 
-10.7 
<-35.0 
-185 
-64 
-7.1 
-19.1 
-19.0 
-0.5 
-23.9 
-6.6 
•10.8 
-79 
-13.0 
-17.3 
-18.5 
-4 9 
-0.7 
-27.3 
-8.6 
-0.6 
-20.2 
-7.2 
-16 5 
-10.2 
•6.7 
-19.2 
-19.5 
•6.7 
-12.1 
•14 l 
-14 5 
>0.0 
-18.3 
-12.0 
<-35.0 
>0 0 
•5 4 
•16.5 
-28.9 
•20.3 
-8.8 
-0.9 
-13.9 
-16.5 



62,100 
51.900 
46.700 
48.300 

52.700 
33 400 

30.300 
95.100 
50.100 
109.600 
43.500 
19.300 
39.100 
48.100 
40.300 
32.300 
100.200 
34.900 
14400 
37.800 
45.900 
107.000 
42.700 
78,000 
. 51.800 
42.000 
34.400 
51.900 
51.200 
43.300 
16.900 
25.100 
34.800 
66.600 
36.800 
103.100 
63.900 
58.700 
43.600 
43.400 
140.400 
60400 
56.400 
37.700 
69.100 
33.700 
66.200 
59.400 
39.400 
25.800 
42.300 
40.300 
85.900 
64 600 
59.500 
51.400 
127.600 
67.000 
106.200 
51.900 
49.500 
165.900 
44.200 
183.600 
46.600 
13.000 
46,300 
51,000 
101.900 
90,600 
107.000 
161.000 
26.300 
111.000 
264.900 
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1026 



405 



10Z7 t2M 
KSB 856 

1090 1254 
1091 

1032 1547 

1033 1361 

1034 1 525 

1035 1128 

1036 1226 
1030 1761 
1040 541 
10*1 816 
1044 1036 
1015 1430 
1047 1540 
1040 1576 

1049 1069 

1050 949 1040 

1061 426 816 

1062 1563 1365 

1063 779 1002 -16.8 



552 

Kim 


-325 




1153 


921 


• » .3 


^£ CIV* 


1154 


15A4 


547 




MVS 

53.000 


1161 


637 
623 




'7.7 


123.200 


1162 


MM 

6S 


-12J 


37,700 


1163 


665 


403 


•4.1 


67.600 


1168 


564 


351 


■*4 


52.700 


1170 


552 


496 


-4.3 


57.200 


1171 


536 


645 


-6.7 


46.500 


1172 


545 


274 


-6.5 


96.300 


1174 


1099 


262 


•1.6 


103.600 


1176 


1304 


839 


-25.7 


36.900 


1177 


1366 


910 


-15.6 


34.000 


1178 


1606 


485 


-11.3 


56,300 


1179 


1485 


407 


-53 


67,300 


1180 


1459 


250 


-4.2 


108.200 


1181 


1431 


635 


■3.7 


47.100 


1182 


1407 



411 



•10.4 
-13.2 
-31.1 
-3.6 



66.700 



1064 1613 620 



746 



1065 1380 

1056 284 

1058 1261 

1060 393 

1061 1817 645 

1062 1245 746 

1064 1256 792 

1065 705 934 



-3.2 
-6.5 



377 

663 <-35.0 
-8.0 



33.3 



1066 1181 



734 



1067 529 658 

1068 506 696 
10G6 1898 604 
1071 873 609 
1073 1768 1128 

1075 836 773 

1076 1863 861 
1078 826 566 



1081 971 



463 



1083 1 697 202 

1085 1157 794 

1090 620 910 

1082 1867 597 

1093 2019 894 

1094 1546 538 

1095 1545 477 



1098 



61 



1099 1954 



835 
237 



1101 



588 1048 



1102 1050 667 



{ 103 457 



797 



105 1B84 S32 

; 106 1714 649 

1 07 1717 546 

'108 1976 722 

'I" 547 1066 

H2 1348 621 

115 1385 762 

116 1078 816 
! "7 ©75 787 

118 1202 933 

'119 1022 1076 

; 120 1905 616 

*1*1 1512 1301 



122 
123 



1114 
1464 



677 
452 



125 1048 857 

126 1122 802 



128 



1722 892 



•133 1098 825 
139 1830 569 
147 764 1182 



148 



1968 724 



-0.6 
-17 J 
>0.0 



37.800 
16.900 
27.000 
48.000 
72.000 
45.500 
41,200 
49.000 



1183 1383 

1184 1454 

1185 1422 

1186 1394 

1189 1171 

1190 1457 
1191 

1192 265 

1193 403 1292 

1194 344 1275 



Y 


CPKet 


FT 


1158 


-13.7 


24.700 


864 


-3.5 


35.900 


400 


•21.3 


68.400 


397 


-21 .8 


68.800 


397 


-20.2 


68.700 


528 


-24.4 


54.500 


529 


-25.0 


54.500 


524 


-25.9 


54.800 


514 


•25.5 


55.700 


522 


-10.2 


55.000 


586 


-7.5 


50.200 


539 


-66 


53.700 


702 


-3.3 


43.400 


224 


-4.8 


124.900 


224 


•5.2 


124.900 


223 


-5.7 


125.100 


223 


-6.1 


125.200 


224 


-64 


124.700 


162 


-5.3 


164.400 


183 


-5.8 


162.600 


182 


-6.3 


164.300 


214 


-9.2 


131.800 


286 


-5.2 


94.200 


114 


-19.5 


26.200 


893 


<-35.0 


34.700 



-0.9 


46.600 


1195 


MO 


mi 


-8.2 


41.200 


1196 


579 




•8.1 


39.000 


1197 




1 DUt 


•16.9 


33.000 


1198 


K37 




-9.0 


41.600 


1199 


£14 




-26.3 


45.800 


1200 


637 




-27.4 


43.700 


1201 


1095 


1394 


-0.3 


49.100 


1202 


1719 


1545 


-14.7 


48.700 


1203 


791 


668 


-1.5 


2S.800 


1204 


964 


1021 


•15.4 


39.900 


1205 


313 


195 


-0.6 


36,000 


1208- 


306 


194 


•15.7 


51,600 


1209 


320 


197 


-12.7 


58.500 


1210 


326 


197 


-2.3 


142.300 


1211 


394 


294 


-9 4 


38.900 


1212 


402 


294 


-21 .9 


34.000 


1214 


366 


294 


-0.5 


49.500 


1215 


641 


329 


>0.0 


34.600 


1216 


660 


329 
266 


-4.1 


53.700 


1217 


914 


-4.1 
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Table 4. Computed pT % of some known proteins reUied to measured CPK pfs 
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Protein Name 

Creatine phospho kinase (CPK). rabbit musde 
Fatty acid-binding protein, rai hepatic 
b2-microglobutin. human 
Carpamoyl-phosDhate syntnase. rat 
Prealbumin (serum albumin precursor), rat 
Serum albumin, ra: 
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Protein disuiphide isomerase (PDI). rat hepatic 

Cytochrome D5. ran 

Aoo C-ll liooDrotein. human 
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High Specific Activity Chemiluminescent and 
Fluorescent Markers: their Potential 
Application to High Sensitivity and 
'Multi-analyte' Immunoassays 



Roger Ekins*, Frederick Chu and Jacob Micallef 

Department of Molecular Endocrinology, University Coflege and Middlesex School of Medicine 
University of London, Mortimer Street, London WIN BAA, UK 



The sensitivities of immunoassays relying on conventional radioisotopic labels (i e 
radioimmunoassay (RIA) and immunoradiometric assay (IRMA)) permit the measurement of 
analyte concentrations above ca 10 7 molecules/ml. This limitation primarily derives, in the 
case of 'competitive' or 'limited reagent' assays, from the 'manipulation errors arising in the 
system combined with the physicochemical characteristics of the particular antibody used; 
however, in the case of 'non-competitive' systems, the specific activity of the label may play a 
more important constraining role, h is theoretically demonstrable that the development of 
assay techniques yielding detection limits significantly lower than 10 7 molecules/ml depends 



on: 



(1) the adoption of 'non-competitive' assays designs; 

(2) the use of labels of higher specific activity than radioisotopes; 

<3) highly efficient discrimination between the products of the immunological reactions 
involved. 

Chemiluminescent and fluorescent substances are capable of yielding higher specific activities 
than commonly used radioisotopes when used as direct reagent labels in this context, and both 
thus provide a basis for the development of 'ultra-sensitive', non-competitive, immunoassay 
methodologies. Enzymes catalysing chemiluminescent reactions or yielding fluorescent 
reaction products can likewise be used as labels yielding high effective specific activities and 
hence enhanced assay sensitivities. 

A particular advantage of fluorescent labels (albeit one not necessarily confined to them) lies 
in the possibility they offer of revealing immunological reactions localized in 'microspots' 
distributed on an inert solid support. This opens the way to the development of an entirely new 
generation of 'ambient analyte' microspot immunoassays permitting the simultaneous 
measurement of tens or even hundreds of different analytes in the same small sample, using 
(for example) laser scanning techniques. Early experience suggests that microspot assays with 
sensitivities surpassing that of isotopically based methodologies can readily be developed. 

Keywords: Ultrasensitive immunoassay; fluorescent microspot immunoassay; confocal 
microscopy 
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INTRODUCTION 

Immunoassay methods relying on radioisotopic 
labels have played a major role in medicine and 
other biologically related fields (agriculture, 
veterinary science, the food and pharmaceutical 
industries, etc.) during the past two decades. 
Their importance has derived from the exploita- 
tion both of the Structural specificity' characteriz- 
ing antibody-antigen reactions and* the 'detecta- 
bility ! of isotopically-labelled reagents, the latter 
permitting observation of the binding reactions 
between exceedingly small concentrations of the 
key reactants involved. The combination of these 
features has endowed radioimmunoassay 
methods with unique specificity and sensitivity 
characteristics, and accounts for their ubiquitous 
use throughout modern medicine and biology. 
However, in the past few years, interest has 
increasingly focused on so-called Alternative' 
non-radioisotopic, immunoassay methods- such 
techniques are based on essentially identical 
analytical principles but differ in the markers used 
to label the particular immunoreactant (antibody 
or analyte) whose distribution between bound 
and free moieties (following the basic analytical 
reaction) constitutes the assay 'response'.' The 
reasons for this interest may be grouped under 
four headings: 

(1) Environmental; logistic; economic; practical- 
ity and convenience, etc. (i.e. 'non-scientific). 

(2) The attainment of higher sensitivity. 

(3) The development of 'immunosensors' and 
'immunoprobes'. 

(4) The development of 'multi-analyte' assay 
systems. 

Our own reasons for developing non-isotopic 
techniques fall principally under headings (2) and 
(4), and this presentation will centre primarily on 
the concepts which underlie our immunoassay 
development strategy in these areas. 



THE ATTAINMENT OF 'ULTRA-HIGH' 
IMMUNOASSAY SENSITIVITY 

Though, as indicated above, the sensitivity of 
radioisotopically based immunoassay methods 
has constituted one of the principal foundations 
of their widespread use over the past 25 years, a 



fundamental reason for their replacement stems, 
paradoxically, from the current requirement to 
develop microanalytical techniques which are 
superior to them in this particular respect. 
Radioisotopic methods are, in practice, limited to 
the measurement of analyte concentrations above 
about 10 h -]0 9 molecules/ml (i.e. approx 0.15-1.5 
pmol/l)(Dakubu eial. % 1984). However, in certain 
fields (e.g. virology, tumour detection) there is a 
particular need to detect or measure molecular 
concentrations below this level. The factors which 
determine immunoassay sensitivity have been 
extensively discussed (Ekins ex a/., 1968, 1970a- 
Ekins : 1978: Jackson et al; y 1983; Dakubu et al ' 
1984; Ekins, 1985). Nevertheless, some of the 
underlying concepts are still frequently misunder- 
stood and merit brief discussion in the present 
context. 



The concept of sensitivity 

One major source of past confusion has been 
disagreement regarding the concept of 'sensitiv- 
ity' itself, many authors equating assay sensitivity 
with the slope of the dose-response curve (Yalow 
and Berson. 1970a, b; Berson and Yalow 2973- 
see also Ekins et at., 1970b, Tait, 1970). It 'is now 
widely agreed that the notion that a steeper 
dose-response curve implies greater sensitivity is 
erroneous. The invalidity of this belief is clearly 
revealed by the fact that the relative magnitudes 
of the responses yielded by two assay systems is 
dependent on the particular variable which is 
chosen to represent the response (see Fig 
l(a))(Ekins, 1976). For this and other reasons, it 
has long been recognized that the *sensitivity'of 
an assay can only be satisfactorily represented by 
its lower limit of detection (Fig! 1(b)), and this 
concept is now embodied in all internationally 
agreed definitions of the term. An essentially 
identical definition is as the precision (i.e 
standard deviation) of measurement of zero dose 
since this quantity determines the least quantity 
distinguishable from zero and hence the assay 
detection limit. The sensitivity of an assav is thus 
represented by the zero-dose intercept' of the 
'precision profile' (Fig. 2(a)) when the latter is 
expressed in terms of standard deviation rather 
than of coefficient of variation (Ekins, 1983a). In 
short, the more sensitive of two assays is the one 
Yielding greater precision of the zero dose 
estimate (Fig. 2(b)). 
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Figure 1. (a) Diagrammatic representation of conventional RIA dose-response curves for systems using high (hi) and low Oo) 
antibody concentrations plotted in terms of free-bound (F/B) and bound/free (B/F) labelled antigen. Note that the use of a lower 
amount of antibody yields a dose-response curve of greater slope in the F/B plot, but of lower slope in the B/F plot. It is 
impossible to decide, on the basis of the data shown in this figure, which concentration of antibody yields the assay system of 
higher sensitivity, (b) The sensitivity of an assay is essentially represented by the minimum detectable dose. i.e. the SD of the 
dose measurement (SD t0O£e) ) at zero dose. This is given by the SD of the response (SD, re5Ponse ,) divided by the dose-response 
curve slope at zero dose (i.e. ((SD, response) ) x dD/dfi) 0 ). This quantity is unaffected by the choice of the coordinate frame used to 
plot the dose-response curve. (Note: it is common to multiply (SD, OOS e))o by an arbitrary factor to increase the confidence level 
attaching to the minimum detectable dose estimate, though, since no agreement exists regarding the value of this factor, this 
unnecessary step merely adds to confusion when the relative sensitivities of two assay procedures are compared.) 



'Competitive' end 'non-competitive' ('limited 
reagent' and 'excess reagent') assays 

A second important misconception in this area is 
the notion that immunoassays relying on the use 
of labelled antibodies (e.g. immunoradiometric 
assays, IRMA) are ipso facto more sensitive than 



those which rely on the use of labelled 'analyte* 
(e.g. radioimmunoassays, RIA); furthermore the 
grounds originally advanced for the claimed 
superiority of labelled antibody methods (Miles 
and Hales, 1968) were partially based on false 
concepts of sensitivity, and thus failed to identify 
the true reasons why certain assay designs are 




Figure 2. {a) The 'precision profile' of an assay portrays the error in the dose measurement as a function of dose. The error 
may be represented, inter alia, by the absolute error {AD; e.g. SD of D) or the relative error (AD/D; e.g. CV of D). (AD) 0 . the 
error in the measurement of zero dose, represents the sensitivity of the assay. The working range may be defined as the range 
of dose values within which AD/D is less than an 'acceptable' value set by the investigator, (b) The more sensitive of the two 
assays (assay I) intercepts the AD axis at a lower value. However, assay II is more precise at higher values of dose, and has a 
wider working range. 



62 



FL EKINS, F. CHU AND J. MICALLEF 



potentially capable of yielding far higher sensitiv- 
ity than others. This issue likewise merits 
clarification: 

The purely pragmatic sub-classification of 
immunoassays into labelled antibody and labelled 
analyte methods diverts attention from a more 
fundamental divide in immunoassay methodolo- 
gy, which relates to the optima) concentration of 
antibody required in an assay system to maximize 
its sensitivity. In certain assay designs (which may 
be termed 'limited reagenf or 'competitive') the 
optimal concentration tends to zero; conversely in 
others (which may be termed 'excess reagent' or 
'non-competitive') the concentration tends to 
infinity. It should be particularly emphasized that 
the optimal antibody concentration is essentially 
governed, not only by the physicochemical charac- 
teristics of the antibody-analyte binding reaction, 
but also by the errors incurred in measurement of 
the assay response. Were an assay system to be 
totally error-free, no antibody concentration 
would be optimal, and the distinction between 
competitive and non-competitive methodologies 
would thus not arise. 

Though it is inappropriate in this presentation 
to discuss in detail the statistical and physico- 
chemical theory underlying this fundamental 
divergence in immunoassay design (see Ekins et 
fl/., 1968, 1970a; Jackson etui., 1983), the reason 
for it can perhaps be more readily understood if 
the basic principles of immunoassay are portrayed 
in a somewhat different way from that in which 
they are usually presented. All immunoassays 
essentially depend upon measurement of the 
'fractional occupancy' by analyte of antibody 
binding sites following reaction of analyte with 
antibody (see Fig. 3(a)). Those techniques which 
implicitly rely on measurement of residual, 
unoccupied, binding sites optimally necessitate 
the use of concentrations of antibody lending to 
zero, and may be termed 'competitive', converse- 
ly those in which occupied sites are directly 
measured necessitate use of high antibody con- 
centrations and are termed 'non-competitive' 
(Fig. 3(b)). This emphasizes that the differences 
in assay design characterizing so-called competi- 
tive and non-competitive methods are essentially 
unrelated to which component (if any) of the 
reaction system is labelled. Indeed immunoassays 
in which no label of any kind is involved can, on 
identical grounds, be subdivided into those of 
limited reagent' (or 'competitive') and 'excess 
reagent' (or 4 non-competititve') design. Thus the 



distinction between these two forms of im- 
munoassay simply reflects differences in the way 
that fractional antibody occupancy is determined, 
and the fact that it is generally undesirable— for 
reasons of accuracy— to measure a small quantity 
by estimating the difference between two large 
quantities. When an immunoassay relies on the 
measurement of unoccupied antibody binding 
sites, the total amount of antibody used in the 
system must be small to minimize error in the 
resulting (indirect) estimate of occupied sites. 
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Figure 3. The distinction between 'noncompetitive' (above) 
and competitive' immunoassays (below) reflects how 
antibody binding-site occupancy is measured. Labelled 
antibody methods are 'non-competitive' if occupied sites of 
the (labelled) antibody are measured, but are competitive' 
(below right} when unoccupied sites are measured Labelled 
antigen (below left) or labelled anti-idiotypic antibody 
methods (below centre) rely on measurement of sites 
unoccupied by analyie. and are therefore invariably, of 
competitive* design. 
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'Competitive* immunoassay *Non-competitive* immunoassay 




Ficure 4. Curves showing the theoretically predicted relationship between antibody affinity and the sensitivities achievable 
using 'competitive' and 'non-competitive' assay strategies. The 'potential' sensitivity curves assume the use of infinite specific 
activity labels; the sensitivities achievable using 125 l-labelled antigen or antibody are also shown. Shaded areas indicate the 
sensitivity less due to errors in measurement of the label. Curves relating to 'competitive' assays assume a 1% error in 
measurement of the response variable arising from experimental' errors (i.e. errors other than those inherent in label 
measurement per se). Non-competitive curves assume 'non-specific binding' of labelled antibody of 0.01 % and 1 % (lower and 
upper curves] respectively. Arrows indicate sensitivities claimed for typical non-competitive immunoassay methodologies. 



Conversely, when occupied sites are measured 
directly, this particular constraint does not arise; 
indeed, considerable advantage often derives 
from using relatively large amounts of antibody in 
the svstem. 

Sensitivity of 'competitive' and 
'non-competitive' immunoassays 

Competitive and non-competitive immunoassays 
differ significantly in many of their performance 
characteristics in consequence of the differences 
in optimal antibody concentration on which they 
rely. Most particularly they differ in their 
potential sensitivities. Figure 4. portrays the 
sensitivities predicted theoretically as a function 
of antibody binding affinity, making realistic 
assumptions regarding the experimental errors 
incurred in reagent manipulation, 'non-specific' 
binding of labelled antibody, etc., and assuming 
the use of optimal reagent concentrations (Ekins, 
1985). Amongst other concepts illustrated in the 
figure is the much greater assay sensitivity 
potentially attainable (using an antibody of given 
affinity) by adoption of a non-competitive 
approach. In short, whereas the maximal sensitiv- 



ity realistically achievable using a competitive 
design is in the order of 10 7 molecules/ml (using 
antibody of the highest affinity found in practice), 
a non-competitive method is capable of yielding 
sensitivities some orders of magnitude greater 
than this. However, Fig. 4 also demonstrates that, 
assuming the use of high affinity antibodies (i.e. 
— 10 h -10 12 1/m), maximal sensitivities yielded by 
isotopically based techniques (whether relying on 
labelled antibody (IRMA) or labelled analyte 
(RIA), or whether of competitive or non- 
competitive design) are closely comparable, i.e. 
of the order of ] 0 7 — 1 0 s molecules/ml. 

This limitation is a manifestation of the fact 
that, in the case of the non-competitive methods, 
an important constraint on assay sensitivity is 
(under certain circumstances) the 'specific activ- 
ity' of the label used. On the other hand, 
limitation of assay sensitivity due to the low 
specific activity of radioisotopic labels does not 
often arise, in practice, in the case of competitive 
assays, whose sensitivity is generally restricted by 
other factors (Ekins, 1985). The fundamental 
significance of this conclusion is that, only by the 
use of labels possessing specific activities higher 
than those of the commonly used radioisotopes in 
assays of non-competitive design, can current 
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sensitivity limits be breached. Conversely use of 
a higher specific activity label in a competitive 
assay will usually have no significant effect on its 
sensitivity (assuming experimental errors incur- 
red in reagent manipulation of the macnitude 
generally encountered in practice). 

High specific activity non-isotopic labels 

The term 'specific activity' j s conventionally 
applied, in the case of radioisotopic labels, to 
denote the number of radioactive disintegrations 
per unit time per unit weight of the isotope or 
labelled compound. Jn the present context, use of 
the term is widened to signify 'detectable events' 
per unit time per unit weight of labelled material 
Thus it can be used to indicate the rate of photon 
emission by a chemiluminescent or fluorescent 
label, or the rate of conversion of substrate 
molecules — by an enzyme label — to molecules of 
a detectable product. The importance of the 
concept derives from the fact that 'signal 
measurement error' (i.e. error in the measure- 
ment of the label per se) is a contributory factor in 
limiting assay sensitivity, and may— when other 
sensitivity-constraining factors are reduced- 
become dominant. Furthermore, when extending 
the sensitivities of immunoassay svstems bevond 
their present limits, the numbers' of molecules 
involved are low, and statistical errors incurred in 
counting individual 'detectable events', and the 
time required to count them, mav assume a 
particular importance. 

Table ] compares the specific activities of 
potentially useful labels with that of 125 ] AH are 
of relevance in the context of this volume since 
chemiluminescent and fluorescent labels can be 
used to label antibodies (or antigens) directly 
alternatively, enzyme labels catalysing reactions 
yielding chemiluminescent signals or fluorescent 
products can be utilized. 
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labels 
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1 detectable event/sec/7.5 x 10 6 
labelled molecules. 
1 detectable event/sec/5.6 > 10 s 
labelled molecules. 
Determined by enzyme 'amplifica- 
tion factor' and detectability of 
reaction product. 

1 detectable event/labelled mole- 
cule. 

Many detectable events/labelled 
molecule. 



The importance of background in 
non-competitive immunoessays 

A second important factor governing the sensitiv- 
ity of non-competitive labelled-antibody im- 
munoassays is the 'background' or 'blank' signal 
emitted in the absence of analyte. since error in 
the measurement of this signal is clearly a major 
determinant of the error in measurement of zero 



dose Amongst contributors to the background 
signal are the 'noise' of the measuring instrument 
itself, ambient' signal generators (such as in 
sandwich' immunoassays, solid •capture- 
antibody' supports or, in the case of radioisotopic 
methods, cosmic ray and other extraneous radia- 
tion sources) and 'non-specifically bound' label- 
led antibody. Minimization of each of these 
components is essential for maximal sensitivity- 
mere arithmetic subtraction of background is of 
absolutely no benefit in this context. 

Non-specific binding of antibody is of particular 
interest, since the magnitude of this contribution 
is dependent, inter alia, on the amount of labelled 
antibody used in the system, and the duration of 
its exposure to analyte. Thus increasing the 
amount of labelled antibody increases the amount 
of such antibody bound to analvte; however it 
may also increase the non-specifically bound 
moiety to a greater proportional extent, and thus 
cause a net reduction in sensitivity. This effect 
underlies the loss in sensitivity at higher antibody 
concentrations depicted in Fig. 5 (reproduced 
from Jackson e, al.,1983). This phenomenon also 
underlies the relationship between sensitivity and 
the affinity constant of the labelled antibody 
depicted in Fig. 4. The possession by labelled 
antibody of a high affinity constant implies that a 
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Figure 5. Assay sensitivity (represented by the standard 
deviation of the zero dose measurement, o c ), plotted as a 
function of the concentration of labelled antibody (of affinity 
10 u LyM) used in the assay, assuming different levels of 
non-specific binding of labelled antibody. {Note: an irreducible 
instrument background has been assumed in the computa- 
tions represented; this limits the ultimate sensitivity attain- 
able, regardless of the concentration of antibody used.) 



lower concentration is required to yield the same 
level of analyte binding, albeit with reduced 
non-specific binding, thus increasing assay sensi- 
tivity 

In summary, the high sensitivity of non- 
competitive labelled antibody methods derives 
essentially from their permitted use of optimal 
concentrations of antibody which (provided non- 
specific binding of labelled antibody is low) 
are generally considerably greater than in com- 
petitive methods, not from the fact that the 
antibody is labelled. Labelled antibody methods 
generally fall in sensitivity as the concentration of 
antibody is reduced towards zero, ultimately 
yielding a sensitivity theoretically identical to that 
of competitive methods (Rodbard and Weiss, 
1973). (Paradoxically, early exponents of labelled 
antibody methods, whilst claiming them to be of 
higher sensitivity, also concluded that their 
sensitivity was increased by reduction in the 
amount of labelled antibody used (Woodhead ex 
aL, 1971). This incorrect conclusion — based on 
observation of effects on the slope of the 
dose-response curve — exemplifies the many falla- 
cies encountered in the immunoassay field stem- 
ming from confusion regarding the concept of 
sensitivity discussed above.) Finally it should be 



emphasized that maximization of the sensitivity of 
a non-competitive immunoaissay generally implies 
the selection of reagent concentrations and other 
experimental conditions such that the [analyte 
signal/background] ratio (i.e. sib) is maximized. 
However, this simple relationship disregards 
statistical considerations which arise when the 
numbers of detectable events are very low, and a 
more appropriate objective may, under these 
circumstances, be maximization of the ratio s 2 lb 
(Loevinger and Berman, 1951). 



Other performance characteristics of 
competitive and non-competitive 
immunoassays 

Non-competitive designs also display a number of 
other advantages deriving from the relatively high 
antibody concentrations on which they generally 
rely. These include increased reaction speeds 
(and hence shorter incubation times), decreased 
vulnerability to certain environmental effects 
(which cause variations in binding affinity be- 
tween antibody and analyte), reduced sensitivity- 
dependence on high antibody binding affinity, 
etc. 

Nevertheless a price has to be paid for these 
benefits; this includes the greater tendency of a 
large amount of antibody to bind molecules 
differing from, but with structural resemblance 
to, the analyte itself, implying a loss of assay 
specificity. This effect generally necessitates the 
use, whenever possible, of an 'immunoextraction' 
procedure using a second 'capture' antibody 
(usually directed against a different binding site, 
or 'epitope') as shown in Fig. 3(b). This 
technique — the 'sandwich 1 or 'two-site' im- 
munoassay (Wide, 1971) — thus potentially com- 
bines the twin virtues of ultra-high sensitivity and 
specificity (together with short reaction time), 
features of crucial importance in many diagnostic 
situations (for example, in the detection of AIDS 
viral antigens). (Note, however, that the loss of 
specificity inherent in non-competitive assay 
designs implies that they are less readily applic- 
able to the measurement of analytes of small 
molecular size, which cannot be simultaneously 
bound by two different antibodies directed 
against different antigenic sites on the molecule. 
Such analytes are generally more appropriately 
measured using 'competitive' assay methods.) 
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Development of ultra-sensitive 
immunoassay methodologies 

The perception that the development of 'ultra- 
sensitive' immunoassay systems (i.e. systems 
surpassing conventional R1A methods in sensitiv- 
ity) depends on (a) reliance on 'excess reagent' or 
'non-competitive' assay designs: (b) the use of 
non-isotopic labels displaying higher specific 
activities than commonly used radioisotopes: (c) 
the development of efficient separation systems 
(ensuring minimization of non-specific antibody 
binding, and hence of signal 'backgrounds'), and 
(d) dual or multi-antibody analyte-recognition 
systems (exemplified by 'sandwich' or two-site 
assays) to maintain/increase assay specificity has 
formed the basis of our own laboratory's im- 
munoassay development since the early to mid- 
1970s (Ekins, 1978). This led us, inter alia, to an 
immediate recognition (Ekins, J979, J980) of the 
importance of the in vitro techniques of mono- 
clonal antibody production pioneered by Kohler 
and Milstein (1975), which are currently the 
subject of bitter patent disputes in the USA 
(Ezzell, 1986, 1987a,b), and which may be 
expected in Europe. 

Meanwhile, of the candidate labels for use in 
this context, both chemiluminescent and fluores- 
cent labels offer many attractions. The develop- 
ment of stable, highly chemiluminescent, acridi- 
nium esters by McCapra and his colleagues 
(McCapra el al, 1977) has subsequently been 
exploited by Weeks ei al (1983, 1984) and, more 
recently, by several commercial kit manufactur- 
ers; other workers have used more conventional 
chemiluminescent compounds to label immuno- 
assay reagents (see, for example, Kohen et al. 
1984, 1985: Barnard etvL, 1985). Yet others have 
relied on enzyme labels to catalyse chemilumi- 
nogenic (Whitehead erai, 1983) and fluorogenic 
(Shalev et al., 1980) reactions as indicated above. 
Detailed description of these various methodolo- 
gies is presented by others in this volume and 
need not be duplicated here. 

Common to all the 'ultra-sensitive 1 immuno- 
assay methodologies relying on such alternative 
labels is their dependence on a non-competitive, 
labelled antibody, assay strategy whenever 
appropriate; however, for the reasons indicated 
above, competitive methods continue to be 
generally employed for the measurement of 
analvtes of small molecular size (e.g. therapeutic 
drugs, steroid and thyroid hormones, etc.). 



Nevertheless, the convenience (from a manufac- 
turing viewpoint, and for other technical reasons) 
of , relying on standard labelling procedures' has 
meant that, even in these cases, labelled antibody 
techniques are increasingly preferred. Though the 
commercial kits based on these various labels 
differ to a minor extent in sensitivity, specificity, 
convenience, etc., such differences are at least 
partially attributable to differences in the physi- 
cochemical characteristics of the antibodies used 
m the kits, and to other 'immunological' factors 
unconnected with the particular nature of the 
label per se. 

Despite the obvious attractions of chemi- 
luminescent techniques in an immunoassay con- 
text, the use of fluorescent labels combined with 
sophisticated time-resolution techniques for their 
detection (a concept arising from discussions with 
. , Tait m 197 °) appeared to us (in the 
mid-1970s) to offer more exciting long-term 
possibilities for a number of reasons. These 
naturally included attainment of the enhanced 
specific activities and high signal to background 
ratios required for ultra-sensitive immunoassay as 
ind^ated above. However, more importantly 
fluorescence techniques also appeared to provide 
a simple route to the development of 'multi- 
analyte' assay systems of the kind described 
below. 

In pursuance of this strategy, we began 
collaboration with LKBAVallac, ca 1976-77 in 
the development of the instrumentation and 
technology required to develop such methods 
i-ortunately a group of fluorescent substances 
generally known as the lanthanide chelates 
(including, in particular, the chelates of euro- 
pium, samarium and terbium facilitate such 
development, possessing prolonged fluorescence 
decay times (-10-1000 us), large Stokes shift 
p.-WU nm) and other desirable physical character- 
istics which permit the construction of relatively 
cheap instrumentation for their measurement 
(Marshall etaL, 1981; Hemmila etal., 1983) The 
fluorescent properties of the lanthanide chelates 
may be compared with those of a conventional 
fluorophor such as fluorescein which is characte- 
rized by a much smaller Stokes shift (-28 nm) 
and a fluorescent decay time and emission 
spectrum which imply that it is less readily 
distinguished from fluorescent substances present 
in blood (such as bilirubin) or in plastic sample 
holders. The unique fluorescence characteristics 
of the lanthanide chelates thus permit them to be 
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measured in the presence of a fluorescence 
background (deriving from extraneous sources) 
which, in practice, approaches zero. Fig. 6 
illustrates the basic concepts involved in pulsed- 
light, time-resolved, fluorescence measurement, 
which form the basis of the DELF1 A immunoas- 
say system currently marketed by LKBAVallac. 

Though it is inappropriate to pursue this 
subject in greater detail, attention should also be 
drawn to the possibilities offered by phase- 
resolved fluorimetry. This permits separate iden- 
tification of fluorophores differing in fluorescence 
lifetime by their exposure to a sinusoidally 
modulated exciting light source, and observation 
of their demodulated, phase-shifted, light emis- 
sion (McGown and Bright, 1984). This technique 
offers the possibility both of the development of 
homogeneous assays (relying on a difference in 
fluorescence decay time of bound and free forms 
of the fluorescent-labelled molecule), and of 
discriminating between two labelled antibodies in 
the context of multi-analyte 'ratiometric im- 
munoassay as discussed below. 



'AMEIENT ANALYTE' IMMUNOASSAY 

Before proceeding to a discussion of the develop- 
ment of multi-analyte assays, another important 
concept, termed 'ambient analyte immunoassay' 
(Ekins, 1983b), must first be examined. This 
term is intended to describe a type of immuno- 
assay system which, unlike unconventional 
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methods, measures the analyte concentration in 
the medium to which an antibody is exposed, 
being essentially independent both of sample 
volume, and of the amount of antibody present. 
This concept is illustrated in Fig. 7, and relies on 
the physicochemically-based proposition that, 
when a 'vanishingly small 5 amount of antibody 
(preferably, but not essentially, coupled to a solid 
support) is exposed to an analyte-containing 
medium, the resulting (fractional) occupancy of 
antibody binding sites solely reflects the ambient 
analyte concentration. Clearly the binding by 
antibody of analyte results in a depletion of the 
amount of analyte in the surrounding medium, 
but provided the proportion so bound is small 
(i.e. less than, for example, 1% of the total), such 
disturbance can be ignored. (This effect is closely 
analogous to that caused bv the introduction of a 
thermometer into a medium possessing a much 
larger thermal capacity; the temperature disturb- 
ance caused by the thermometer itself is negligi- 
ble and can, in these circumstances, be disre- 
garded.) 

The principles of ambient analyte assay derive 
from the recognition that oil immunoassays 
essentially depend upon measurement of the 
'fractional occupancy' by analyte of antibody 
binding sites following reaction of analyte with 
antibody as discussed above (Figs 3. (a) and (b)). 
The fractional occupancy of ('monospecific' or 
'monoclonal') antibody binding sites in the 
presence of varying analyte concentrations, plot- 



Antibody probe 



c o 



O o 



o o 
o 



> 



o o o 

o o 

CO o 

0 o 
o o 
o o 



o o 
o o 



o 

o 



o o 
o 0 



o o 



o o 



^ o 0 o 



o o 
o 



o o 



* 0 a 

o > 

> 



o 

o 



< 

< o c 



Ab [H3K 



Ab 



Ab 0 1"tH]K Ab 



Figure 6. Basic principles of pulse-light, time resolved 
fluorescence. Fluorescence emitted by the fluorophor (typi- 
cally a europium chelate) is distinguished from background 
fluorescence, which decays more rapidly. 



Figure 7. Basic principle of 'ambient analyte' immunoassay 
(AAI). The fractional occupancy (f) of a vanishingly small 
amount of antibody (of affinity /0 is determined by the analyte 
concentration in the medium ([An]). 
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ted against antibody concentration, is portrayed 
in Fig. 8. The fraction of analyte bound is also 
plotted in this figure. (Note: for the sake of 
generality, all concentrations in this figure are 
expressed in terms of ]/K, where K is the affinity 
constant of the antibody. For example, if A' = 
30 n L/M, a concentration of 0.1 x \IK represents 
0.1 x 10 -1, M/L,or0.1 x lO" 11 x ](T 3 x 6 02 x 
10 23 = 6.02 x 10 8 molecules/ml.) 

It should be particularly noted that, at antibodv 
concentrations of less than ca 0.01 x \IK antibody 
fractional occupancy is essentially dependent 
solely on the analyte concentration in the 
medium, and is independent of variations in 
antibody concentration. Thi: reflects the fact that 
this concentration of antibody binds less than 
approximately 1% of the analyte in the medium, 
irrespective of its concentration. This implies, for 
example, that the introduction of 10, 100, or 1000 
antibody molecules into a medium containing 
billions of analyte molecules will result, in each 
case, in virtually identical fractional antibody 
binding-site occupancy, the upper limit of anti- 
body concentration being determined by the 
antibody affinity constant. (An antibody concen- 
tration of 0.01 x ]/K is a hundred-fold less than 



that (1 x i/K) necessary to bind 50% of a 'trace' 
amount of analyte (see Fig. 8), claimed by Berson 
and Yalow (1973) as maximizing assay 'sensitiv- 
ity (i.e. the slope of the dose-response curve 
when expressed in terms of bound/free labelled 
analyte). This false conclusion has subsequently 
become incorporated into the mvthologv of 
radioimmunoassay design which, regrettably a 
majority of kit manufacturers continue to accept ) 
The ambient analyte assay concept was origi- 
nally exploited in the original development of 
wnat has come to be known as 'two-step' free 
hormone immunoassay (Ekins et a/., 1980) but it 
is clear that it is of far wider application, and can 
in particular, be utilized in the construction of 
immunosensors and immunoprobes. One such 
example is a probe for the measurement of 
salivary steroids that is currently being developed 
in our laboratory. Comprising a small antibodv- 
coated plastic 'dipstick' comparable in size and 
shape to a clinical thermometer, this device is 
intended to permit the measurement of salivary 
steroid levels without requiring the collection of 
saliva. However, the concept also underlies our 

immunoassay, also 
under development in our laboratory. 



TO 



CO 



u 




=r 100.0 



- 10.0 



1.0 



c 

D 

o 
.o 

c 

<D 

c 
< 



0.1 



10.0 



AAI 



Antibody concentration 



RtA 



Figure 8. Fractional antibody binding-site occuDanrv IF) nintt^w 

different values of analyte (antigen) concentration (An) Th foZ JLl wV™ ? 8n l ,ib ° dy bindin 9" s ^ concentrate for 
concentrations are expressed in units of VK Note xhax iof^n^i 9 ^ l ° am ' bodv {b] is also show "- All 

percentage binding of analyte is <1%. and fractional b nd no ^ V C0ncemratl0ns ii 0f ' ^an 0.01/K (approximately) 
:oncenuation extending over several orders of magnitude too nnT? VfT'! * V , u " affecled b V variations in antibody 
Dther competitive' immunoassays are commonly des ioned u^T.Tf ^ bV |Anl N ° te thal '^immunoassays and 
implying b 0 > 30%), in accordance with the precepts of Lr^n 9 a Jv 0 ? V c ° ncen ' rat,ons approximately 0.S/K-MK ot above 

oerson and Yalow (e.g. Berson and Yalow, 1973). 



CHEMILUMINESCENT AND FLUORESCENT MARKERS 



69 



MULTI-ANALYTE 'RATIOMETRIC 
IMMUNOASSAY SYSTEMS 

The concepts relating to ambient analyte im- 
munoassay and assay sensitivity outlined above 
are both exploited in our present development of 
a random access, multi-analyte, immunoassay 
technology capable of measuring, in the same 
small sample, virtually any number of individual 
analytes from selected analyte 'menus 1 (e.g. a 
hormone menu, viral antigen menu, an allergen 
menu, etc.). Many examples of a need to measure 
a multiplicity of different analytes in the same 
sample exist in medical diagnosis, for example, in 
the routine diagnosis of thyroid disease, where it 
is frequently necessary to measure a number of 
different hormones and thyroid-related proteins. 
At present, clinicians frequently experience diffi- 
culty in deciding on the best sequence of tests to 
arrive at a correct diagnosis. Such problems 
would be overcome were all relevant analvtes 
measurable at a cost comparable to the cost of 
measurement of a single substance. Our own 
immediate objective is the development of a 
technology permitting the measurement of com- 
plete 'hormone profiles' using a single small blood 
sample. However, the need for 'multi-analvte', or 
'random access measurement is not confined to 
medical diagnosis: it also arises, for example, in 
the pharmaceutical industry (where there exists a 
requirement to ensure the purity of protein drugs 
synthesized by recombinant DNA techniques), in 
the food industry and elsewhere. Though still at 
an early stage, our approach to the achievement 
of this objective can be briefly indicated. 



Multi-analyte assay: general principles 

As discussed above, the notion of ambient 
analyte assay simultaneously introduces two 
extremely important and novel concepts: (a) that 
an estimate of analyte concentration can be based 
upon the use of an infinitesimal amount of 
'sampling 1 antibody, and (b) that such an estimate 
derives from a direct measurement of fractional 
antibody occupancy by analyte, irrespective of 
the exact amount of antibody used. It should be 
emphasized that the latter proposition is valid 
only in the context of ambient analyte assay, and 
is not true in current conventional immunoassay 
systems (in which fractional antibody occupancy 
depends both upon the amount of antibody in the 



system, and sample volume — see Fig. 8). In short, 
exposure of a small number of antibody mole- 
cules (in the form, for example, of a 'microspot' 
located on a solid support) to an analyte- 
containing fluid results in occupancy of antibody 
binding sites in the microspot reflecting the 
analyte concentration in the medium. Following 
such exposure, the antibody-bearing probe may 
be removed and exposed to a 'developing' 
solution containing a high concentration of an 
appropriate second antibody directed against 
either a second epitope on the analyte molecule if 
this is large (i.e. the occupied site), or against 
unoccupied antibody binding sites in the case of 
small analyte molecules (see Fig. 3(b)). (Note: an 
antibody simulating antigen, and reacting with 
unoccupied binding sites, is described as a 
'mirror-image anti-idiotypic antibody'; the use of 
such an antibody instead of labelled antigen is 
convenient but not essential, and is suggested 
here merely to simplify illustration of the basic 
concepts involved.) 

Subsequently, an estimate of binding-site occu- 
pancy of the 'sampling 1 (solid phase) antibody 
located in the microspot may be derived by 
measurement of the ratio of signals emitted by the 
mo antibodies forming the dual-antibody 'coup- 
lets'. This can be conveniently achieved by 
labelling the 'sampling 1 and 'developing 1 anti- 
bodies with different labels, for example, a pair of 
radioactive, enzyme or chemiluminescent mar- 
kers. Fluorescent labels are nevertheless particu- 
larly useful in this context because, by the use of 
optical scanning techniques, they permit arrays of 
different antibody 'microspots' distributed over a 
surface, each directed against a different analyte, 
to be individually examined, thus enabling 
multiple assays to be simultaneously carried out 
on the same small sample. Fig. 9 illustrates these 
basic ideas, and Fig. 10 such an array. 



Microspot immunoassay sensitivity: 
theoretical considerations 

The notion that it is, in principle, possible to 
measure an analyte concentration using a micros- 
pot of antibody comprising a number of antibody 
molecules in the range ca 10'-10 A is likely, at first 
sight, to appear surprising, and may, indeed, 
provoke scepticism regarding the assay sensitivi- 
ties potentially attainable using this approach. 
Clearly a number of factors, such as the sensitivity 
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of the signal measuring equipment, the density of 
antibody molecules on the surface of the solid 
support, etc., are likely to play a part in 
determining final assay sensitivity. Such factors 
are, in turn, dependent on the efficiency with 
which the particular labels used can be detected 
the adsorption properties of antibody supports] 
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etc. Though these are obviously variable, reason- 
able estimates can be made of the order of 
sensitivities likely to be achieved on the basis of 
some simple theoretical calculations. To clarify 
the following discussion, it is assumed that 
'sensing' antibody can be uniformly and consis- 
tently coated on a solid matrix at a standard 
density, implying that only the 'developing' 
antibody need be labelled and measured in order 
to ascertain fractional occupancy of sensing 
antibody binding sites. 

Fig. ]] illustrates the surface of an antibody 
microspot, of surface area /*(u.m 2 ), and (uniform- 
ly) coated with antibody of affinity K(UM) in a 
monomolecular layer of density D(molecuies/ 
u-nr). Let us assume that the spot is exposed to an 
analyte-containing medium of volume v(ml), and 
containing an analyte concentration C molecules/ 
ml. The molecular concentration of antibody in 
the system is thus given by AD/v. (Note: the fact 
that antibody is situated on the surface of a solid 
support, and not evenly distributed throughout 
the medium, does not affect the extent of analyte 
binding at thermodynamic equilibrium, assuming 
that antibody binding sites are not impeded in 
their reactions and have not been damaged during 
the coating process.) 

Meanwhile, fractional occupancy (F) of anti- 
body binding sites by analyte (at equilibrium) is 
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given by the equation: 

F 2 - F(l/q + plq + 1) +p/ 9 = 0 (1) 

where p = analyte concentration, q = antibody 
concentration (both expressed in units of \IK). 

Thus, for antibody binding site concentrations 
-> 0 (i.e. q < 0.01), F - p/(l + p); (see Fig. 8). 

Likewise , the fraction of analyte bound by 
antibody (/) at equilibrium is given by the equation: 

f 2 ~ f(Vp + qlp + 1) + <?//? = 0 (2) 

Thus, for analyte concentration — » 0 (i e p < 
0.01),/- 9/(1 + q)\ (see Fig. 8). Furth ermore, 
when q < 0.01, and when p ^ 0, f < 0.01. 

Expressed in units of UK; the concentration (q) 
in the assay of 'sensing' antibody situated on the 
microspot is given by DAK/(v x 6 x 10 20 ), (since 
Avogadro's constant, expressed as the number of 
molecules/mmol, is 6 x 10 20 (approximately)). 
The fraction of an analyte concentration — * 0 
which will be bound to the spot is therefore 
DAK!{v x 6 x 10 20 + DAK), implying that the 
number of analyte molecules bound to the spot is 
given by vCDAKI(v x 6 x 10 20 + DAK). 

Case 1: sandwich (two-site) assay. Following 
incubation of sample with antibody, we assume 
the sample is removed, and the microspot then 
exposed to a volume K(ml) of a solution of a 
second, labelled, 'developing' antibody of affinity 
K* (L/M) at a concentration given by Q 
(expressed in units of 1/K*). 



The fraction of analyte bound by labelled 
antibody (F*) at equilibrium is given by the 
equation: 

r 2 - r(\IP + QIP + 1) + QIP = o (3) 

where P represents the analyte concentration in 
the developing-antibody solution, expressed in 
units of 1AK\ i.e. vCDAKK*/[(v x 6 x 10 20 + 
DAK)V x 6 x 10 20 ]. 

Assuming P < 0.01, F* = Qi{\ + Q). (For 
example, if Q = 1, the fraction of analyte 
molecules bound by labelled antibody = 0.5 
approximately). Thus, since the number of 
analyte molecules bound to the spot is given by 
vCDAKI{y x 6 x 10 2 ° + DAK), the number of 
analyte molecules labelled by the second, de- 
veloping, antibody is given by vCDAKQI[{v X 6 
x 10 2n + DAK)(\ + Q)], and the surface density 
of such molecules is given by vCDKQ/[(v x 6 x 
10 20 + DAK) (1 -f- Q)\. Moreover, assuming that 
DAK < v x 6 x 10*° (i.e. that the amount of 
antibody in the system is such that 'ambient assay' 
conditions prevail, then the surface density (D*) 
of developing-antibody molecules = CDKQ/[(6 
x 10 2O )(l + Q)] approximately. It should be 
noted that D* is independent of both v and V, 
also that the ratio DVD = C x KQ/[(6 x 10 2(> )(1 
+ Q )] - C x constant. 

If the minimum detectable surface density of 
developing-antibody molecules (i.e. o 0 o, the 
standard deviation of the measurement of D* 
when C = 0) is given by D* in (molecu!es/^m 2 ) 
and C min represents the minimum detectable 
analyte concentration in the test sample, then. 
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disregarding non-specific binding of developing 
antibody within the microspot area, 

C min = D* in x ((6 x 10 20 )(1 + Q)]/DKQ(4) 

For example, if Q = ) , D = 10 s molecules/fim 2 , K 
= 10 n L/M and jD* in = 20 molecules/um 2 , then 
C mjn = 2.4 x 10 6 molecules/ml = 10" 15 M/L. It 
should be noted, in this example, the fractional 
occupancy of the sensing antibody binding sites 
by the minimum detectable analyte concentration 
is 0.04%. 

Case 2: anti-idiotypic antibody ('competitive') 
assay. In this case, we assume that, following 
removal of the sample, the microspot is exposed 
to a volume V{m\) of a solution of (for example) a 
second, labelled, anti-idiotypic antibody reacting 
with unoccupied sites on the sensing antibody. 
Using similar reasoning as above, we may 
likewise assume that the fraction of such sites 
which become occupied by the anti-idiotypic 
'developing' antibody is given by Q/(l + Q), 
where Q is the developing-antibody concentra- 
tion. However, the minimum detectable surface 
density of anti-idiotypic antibody is not, in a 
competitive design, the critical determinant of 
assay sensitivity; this parameter is essentially 
governed by the precision of the density measure- 
ment. 

From Eq. (1), the fraction of sites unoccupied 
by analyte = 1/(1 + /?), and the fraction occupied 
by anti-idiotypic antibody = 0/(1 + p)(l 4- 0. 
Thus, if the CV in the measurement of anti- 
idiotypic antibody is e, the standard deviation is 
zQI{\ + p){\ + Q). This term also represents the 
SD in the estimate of the fraction of sites occupied 
by analyte. Since the total number of antibody 
binding sites in the spot is DA, the SD in the 
estimate of occupied sites as p — > 0 (i.e. oDo) 
approximates zDAQI{\ + Q)\ the SD in the 
occupied site surface-density estimate is thus 
iDQI{\ + Q). But the SD in the measurement of 
pactional binding-site occupancy when p — ► 0 
defines D mjn , and hence the minimum detectable 
analyte concentration in the test sample as 
ndicated in Eq (4). 

Thus 

C mi n = D min x [(6 x 10 20 )(1 + Q)}IDKQ (5) 

= eDQ/(1 + Q) ± [(6 x 10 20 )(1 + Q)} 

DKQ (6) 

= z/K x (6 x 10 20 ) (7) 



For example, if values of Q - 1, D = 10 5 
molecules/^im , and K = 10 L/M are assumed as 
irr the non-competitive example considered 
above, and the CV in the measurement of 
anti-idiotypic antibody density in the microspot is 
]% (i.e. £ = 0.01), Then D min = 500 molecules/ 
jim 2 , and C min = 6 x 10 7 molecules/ml = 
10" 13 M/L. Fractional occupancy of the sensing 
antibody binding sites by the minimum detectable 
analyte concentration is, in this example, 1%. It 
should be noted that the sensitivity limit of t/K 
(expressed in molar terms) is identical to that 
previously established for conventional 'competi- 
tive' assays (Ekins and Newman, 1970), and 
which underlies the predictions represented in 
Fig. 4. 

Such considerations appear to suggest (a) that 
microspot assay sensitivities superior to those 
obtainable by conventional radioisotopically 
based immunoassays are achievable, and (b) that 
sensitivities yielded by non-competitive microspot 
assays are likely to be considerably greater than 
those of corresponding compe;itive microspot 
assays. It must be emphasized, however, that, 
though such predictions are likely to prove 
correct, assumptions regarding the performance 
of the labels and signal-measuring instrument 
used are incorporated in the simple theoretical 
analysis discussed above. Such factors are clearly 
of importance in determining overall microspot 
immunoassay performance. 



Practical implementation 

The concepts discussed above are clearly exploit- 
able using a variety of antibody labels, including 
chemiluminescent labels; however, our prelimin- 
ary studies have been based on the use of 
conventional fluorophores, since the technology 
of simultaneous measurement of dual fluoresc- 
ence from small areas is already well established. 
Because this volume centres on chemiluminesc- 
ence, we shall provide only a brief indication of 
our initial experimental work in this area, which is 
currently based on the use of commercially 
available confocal microscopes. 

Instrumentation: the laser scanning confocal 
microscope. In laser scanning confocal fluoreso- 
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ence microscopy, a small area of the specimen is 
illuminated by a -focused laser beam; the fluoresce 
ence photons emanating solely from this area are, 
in turn, focused onto a photon detector. Both the 
intensity of illumination and the efficiency of light 
collection diminish rapidly with distance from the 
focal plane (Fig. 12). At the 'confocal 1 point, the 
projection of the illumination pinhole and the 
back-projection of the detector pinhole coincide. 
Such systems contrast with conventional epi- 
fluorescence methods, where the specimen is 
exposed to an essentially uniform flux of illumina- 
tion (White et al., 1987). 

Sensitivity of current instruments. Typically, 
fluorescence photons emanating from the laser- 




Figure 12. Principle of the confocal microscope. Illuminating 
light is focused at a point in the focal plane. Reflected light 
from this point is focused onto a detector. A complete 
two-dimensional image of structures within the focal plane is 
obtained by scanning the selected area of interest, and may 
be stored in a microcomputer for video display 



illuminated area are detected by a low dark- 
current photomultiplier. Electrons spontaneously 
emitted by the photomultiplier photocathode 
contribute to the background signal of the 
instrument, and must, for highest sensitivity, be 
minimized. Fortunately the overall design of such 
instruments permits the photomultiplier photo- 
cathode to be of very small area, so that this 
particular source of background noise is not only 
small, but can be expected to reduce in relative 
importance with future improvement in photo- 
multiplier design. Meanwhile current instruments 
already display very high sensitivity of detection 
of fluorescent signals. For example, the confocal 
microscope manufactured by Zeiss is claimed to 
display a lower detection limit for fluorescein of 
about ten molecules/^m 2 (Ploem, 1986). Most 
commercially available FITC-labelled lgG attains 
a fluorophore/protein molar ratio of —4; thus the 
detection limit (D* in ) of the Zeiss microscope is 
-2-3 FITC-labelled IgG molecules/jam 2 . This 
implies an analyte-concentration detection limit 
of -2.4 x 10 5 molecules/ml for a two-site assay, 
assuming the same parameter values as used in 
the examples discussed above, or 2.4 x 10 4 
molecules/ml using a 'sensing' antibody of affinity 
10 12 L/M. 

Another comparable instrument is the Bio- 
Rad/Lasersharp laser scanning confocal micro- 
scope, which we are currently using in the 
development of 'ratiometric' multi-analyte assay 
methodology in accordance with the principles 
outlined above (see Fig. 13). The argon laser in 
this system possesses two excitation lines at 488 
and 514 nm. It is thus particularly efficient for the 
excitation of blue/green emitting fluorophores 
such as FITC (which displays an excitation 
maximum at 492 nm). However, it is considerably 
less efficient in the excitation of red-emitting 
fluorophores such as Texas red (excitation max- 
imum 596 nm). However, the ratiometric im- 
munoassay principle permits considerable varia- 
tion in detection efficiencies of the two labels 
relied on since, inter alia, the specific activities of 
the two labelled antibody species forming the 
antibody couplets can be chosen to yield optimal 
signal ratios in the region of unity. Thus 
inefficiency of the argon laser in exciting red 
emitting fluorophores is not necessarily a major 
handicap in the present context. 

Though the current Lasersharp instrument 
relies on a conventional microscope rather than a 
purpose-designed optical system (and appears to 



74 



R. EKINS, F. CHU AND J. MICALLEF 



Laser 




Detector 

p photons 



Germany is anticipated to become available 
shortly. This photometer is claimed to be highly 
versatile: it can be used in transmission and 
reflection modes, and as a highly sensitive 
fluonmeter. The measuring field can be varied in 
shape and size for optimum adjustment to the 
specimen structure. More generally, the technol- 
ogy of sensitive light measurement is improving 
rapidly in response to needs in astronomy the 
space program etc., such technology clearly being 
readily exploitable in a multi-analyte immuno- 
assay context using light-generating labels in 
accordance with the broad principles presented 
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Figure 13. Dual-channel confocal fluorescence microscope 
permitting simultaneous measurement of the fluorescence 
signals from two fluorophors situated at the focal point By 
scanning the antibody array, the ratio of signals from each 
antibody microspot may be determined 



Solid antibody supports. On the basis of the 
theoretical considerations discussed above it is 
evident that solid antibody supports for multi- 
analyte immunoassay use should display a capac- 
ity to adsorb a high surface density of antibody 
combined with low intrinsic signal-generatine 
properties (for example, low intrinsic fluoresc- 
Objective ence), thus minimizing background. We have 
examined a number of materials, including 
polypropylene, Teflon, cellulose and nitrocellu- 
lose membranes and microtitre plates (clear 
polystyrene plates from Nunc; black, white and 
dear polystyrene plates from Dynatech with- 
these criteria in mind. White Dynatech Micro- 
fluor microtitre plates, formulated specially for 
the detection of low fluorescence signals, yield 
high signal-to-noise ratios and have therefore 
been provisionally used in our developmental 
studies. 



be less sensitive), it permits quantification of 
fluorescence signals generated from microspots of 
selected area. Initial studies have revealed that, 
under conditions that are not necessarily optimal,' 
the instrument is capable of detecting approx- 
imately twenty-five FITC-labelled IgG molecules/ 
\im , scanning an area of -50|xnr (Fig. 14). It 
must be stressed that neither of these confocal 
microscopes are designed specifically for routine 
ratiometric multi-analyte immunoassay use, and 
it can be anticipated that future instruments 
constructed specifically for this purpose are likely 
to prove both cheaper and more sensitive. 

Other instruments. The MPM 200 Microscope 
Photometer manufactured by Zeiss of West 



Surface density of antibody coating. Preliminary 
experiments using Microfluor plates have re- 
vealed that it is possible to coat them with 
antibody at a surface density of at least 5 x 10 4 
IgG molecules/u.m 2 (Fig. 15). Moreover nearly all 
antibody molecules so deposited appear to retain 
immunological activity (Fig. 16). 

Verification of the 'ratiometric' imunoassay con. 
cept. Our primary intention, in initial studies, has 
been establishment of the basic conditions which 
using a particular instrument, can be anticipated 
on theoretical grounds to yield high assay 
sensitivity. Though the setting up of individual 
microspot immunoassays has thus appeared to us 
to be of secondary importance during the initial 
stages of our studies, we have nevertheless 
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Figure 16. Surface density of immunoreactive IgG molecules (number of molecules/u:m 2 ) plotted as a function of the total 
surface density of IgG (number of molecules/^im 2 ) on Dynatech Microfluor white microtitre plates 



thought it useful to confirm the validity of our 
general concepts by comparing the performance 
of certain assays when constructed in microspot 
format and when conventionally designed. For 
example, we have compared a dual-labelled 
tumour necrosis factor (TNF) ratiometric assay 
system using Texas red and FITC-Iabelled anti- 
bodies with an optimized IRMA system using 
identical antibodies but with the second antibody 
125 Habelled. Although unoptimized, the 
ratiometric microspot assay yielded formal sensi- 
tivity values closely approaching that of the 
conventional, optimized, IRMA. Although 
verifying the general concepts underlying 
ratiometric microspot immunoassay methodolo- 
gy, further work is required to achieve the 
considerably greater sensitivity that theory pre- 
dicts as achievable using optimized reagent 
concentrations and improved instrumentation. 



CONCLUSION 

As indicated above, differentiation of the fluores- 
cent signals yielded by two fluorophores can be 
readily achieved solely on the basis of wavelength 
differences, and this approach has been relied on 
entirely in our preliminary studies. However, 



other physical techniques exploiting differences in 
decay time of two or more fluorescence emissions 
(using, for example, a pulsed or sinusoidally 
modulated laser source, and time- or phase- 
resolving detectors) are available, and can be 
expected both to further reduce background and 
to improve signal resolution, thus increasing assay 
sensitivity and precision. These considerations 
aside, the basic technology involved closely 
resembles that employed in domestic compact 
disk recorders and other similar data-storage 
devices, the obvious difference being that light 
emitted from each of the discrete zones forming 
the antibody-array is fluorescent rather than 
reflected, and yields chemical rather than physical 
information. Indeed, our preliminary studies 
suggest that highly sensitive immunoassays using 
antibody microspots of surface area approximat- 
ing 50fim 2 are achievable, implying that some 
2,000,000 different immunoassays could, in prin- 
ciple, be accommodated on a surface area of 
1 cm 2 . Though non-specific binding of a multiplic- 
ity of developing antibodies would probably 
prohibit the use of antibody arrays of this order, it 
is evident that the technology is capable of 
encompassing anaiyte numbers of the kind likely 
to be useful in practice. 

The development of multi-analyte assay sys- 
tems of this kind can be anticipated to bring about 
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fundamental changes in medical diagnosis and 
many other biologically- related^ areas. -Systems 
capable of measuring every hormone and other 
endocrinological^ related substance within a 
single small sample of blood are within technolo- 
gical reach, providing data which, when analysed 
with the aid of computer-based 'expert' pattern- 
recognition systems, are likely to reveal endoc- 
rine deficiences only dimly perceived using 
current 4 single-analyte' diagnostic procedures. 
Such systems also provide a means to the 
development of a 'random access' immunoassay 
methodology, permitting the selection of any 
desired test or combination of tests from an 
extensive analyte menu. Clearly the accommoda- 
tion of a wide range of individual immunoassays 
on a small immunoprobe (comparable in its 
overall physical dimensions with a few drops of 
blood) is likely to totally transform the logistics of 
immunodiagnostic testing; and genuinely repre- 
sents, in our view, 'next generation' immunoassay 
methodology. 
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Multiahalyte Microspot Immunoassay— Microanalytical "Compact Disk" of the Future 
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Throughout the 1970s, controversy centered both on im- 
munoassay "sensitivity" per se and on the relative sensi- 
tivities of labeled antibody (Ab) and labeled analyte meth- 
ods. Our theoretical studies revealed that RIA sensitivities 
could be surpassed only by the use ot very high-specific- 
activity nonisotopic labels in "noncompetitive" designs, 
preferably with monoclonal antibodies. The time-resolved 
fluorescence methodology known as delfia— developed in 
collaboration with LKB/Wailao— represented the first com- 
mercial "ultrasensitive" nonisotopic technique based on 
these theoretical insights, the same concepts being sub- 
sequently adopted in comparable methodologies relying 
on the use of chemiluminescent and enzyme labels. How- 
ever, high-specific-actrvity labels also permit the develop- 
ment of "muttianalyte" immunoassay systems combining 
ultrasensitive with the simultaneous measurement of tens, 
hundreds, or thousands of analytes in a small biological 
sample. This possibility relies on simple, albeit hitherto- 
unexptoited, physicochemicaJ concepts. The first is that all 
immunoassays rely on the measurement of Ab occupancy 
by analyte. The second is that, provided the Ab concentra- 
tion used is "vanishingly small." fractional Ab occupancy is 
independent of both Ab concentration and sample volume. 
This leads to the notion of "ratiometric" immunoassay, 
involving measurement of the ratio of signals (e.g., fluores- 
cent signals) emitted by two labeled Abs, the first (a 
"sensor 1 ' Ab) deposited as a microspot on a solid support, 
the second (a "developing** Ab) directed against either 
occupied or unoccupied binding sites of the sensor Ab. Our 
preliminary studies of this approach have relied on a 
dual-channel scanning-laser confocaJ microscope, permit- 
ting microspots of area 100 /un 2 or less to be analyzed, 
and implying that an array of 1 0 6 Ab-containing microspots, 
each directed against a dffferent analyte, could, in princi- 
ple, be accommodated on an area of 1 cm 2 . Although 
measurement of such analyte numbers is unlikely ever to 
be required, the ability to analyze biological fluids for a wide 
spectrum of analytes is likely to transform immunodiagnos- 
tics in the next decade. 

Add It tonal Keyphnaes: ratiometric Immunoassays - scanning- 
laser contocal microscope • fluoroimmunoassay 

Immunoassay and other protein-binding assay meth- 
ods based on the use of radioisotopic labels have played 
a major role in medicine during the past three decades. 
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Their utility and importance have derived primarily 
from the structural specificity of many reactions be- 
tween binding proteins and analytes and the detectabil- 
ity of isotopically labeled reagents, the latter endowing 
such techniques with "exquisite sensitivity." Recently, 
however, interest has increasingly focused on noniso- 
topic techniques based on identical analytical princi- 
ples, differing only in the nature of the marker used to 
label the reactant (e.g., antibody or antigen), whose 
distribution between reacted ("bound") and unreacted 
Ofree") fraction* constitutes the assay t Vesponae- tt 

The basic aims underlying this interest can be 
broadly classed under four main headings: 

• avoidance of the environmental, legal, economic, and 
practical disadvantages of isotopic techniques (e.g., lim- 
ited shelf life of isotopically labeled reagents, problems 
of radioactive waste disposal, cost and complexity of 
radioisotope counting equipment), particularly those 
impeding the development of, for example, simple diag- 
nostic kits ^br home or doctor's office use; 

• achievement of greater assay sensitivity; 

• "direct" measurement of analyte concentrations by 
use of transducer-based "immunosensors"; 

• simultaneous measurement of multiple analytes 
Cmulti analyte assay"). 

In this presentation I will focus primarily on the last 
of these objectives, using this to set out the principles 
underlying our present attempts to develop a new n rnin- 
iaturized" technology that will permit the simultaneous 
measurement of an unlimited number of analytes in a 
small biological sample such as a single drop of blood. 
However, retention (and, if possible, improvement) of 
the high sensitivities of conventional isotopic tech* 
niques is a basic aim not only of our own studies in this 
area but also of most other endeavors falling under the 
above headings. It is therefore appropriate to preface 
this paper with a discussion of the general principles 
underlying the attainment of high binding-assay sensi- 
tivity. 

Immunoassay Sensitivity: Some Basic Concepts 

Definition of Assay Sensitivity 

The need to establish assay conditions yielding max- 
imal sensitivity underlay the independent construction 
of mathematical theories of immunoassay design by 
both Yalow and Berson U) and Ekins et al. C2) in the 
course of the original development of these methods in 

the early 1960s. Regrettably, these theoretical studies 

led to a prolonged controversy, arising largely from the 
conflicting concepts of "sensitivity" adopted by the two 
groups (see Figure 1). Briefly, Berson and Yalow, in 
their many publications relating to immunoassay de- 
sign (e.g., J, 3), defined sensitivity as the 6lope of the 
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Ftg. 1. The differing concepts of sensitivity and precision underlying 
radioimmunoassay design theories developed by (left) Yalow and 
Berson (e.g.. U 3) and {right) Bans et al. {2, 4) 
Yalow and Berson define assay A as more sensitive because it yields a 
reaponse curve of greater slope. Bona etal. define assay 6 as more sensitive 
because the imprecision of measurement of xero dose (<r 0 ) is tess. YaJow and 
Berson Rkewise define an assay system as more precise it it yields a steeper 
response curve when data are plotted on a tog dose scale 

response curve relating the fraction or percentage of 
labeled antigen bound (b) to analyte concentration ([H]). 
In contrast, Ekins et al. (e.g., 2, 4) defined sensitivity as 
the (imprecision of measurement of zero dose, this 
quantity being indicative of, and essentially equivalent 
to, the lower limit of detection. 

The key difference between these two definitions 
clearly lies in the dependence of the assay detection 
limit on the error (imprecision) in the measurement of 
the response variable. By neglecting this crucial factor, 
the "response curve slope" definition leads to many 
obvious absurdities. For example, plotting conventional 
RIA data in terms of the response metameter B/F (i.e., 
the bound to free ratio) suggests that assay "sensitivity" 
is increased by increasing the antibody concentration in 
the system; however, the converse conclusion iB reached 
if identical data are plotted in terms of F/B (see Figure 
2). Observation of the shape and slopes of response 
curves without detailed error analysis thus constitutes a 
totally misleading guide to optimal immunoassay de- 
sign. This approach has, however, characterized many 
of the studies conducted in the immunoassay field dur- 
ing the past 30 years, and has been the source of much 




Response curve slope 



Detection limit 



Fig. 2. Schematic representation of RIA dose-response curves 
observed for high and low antibody concentrations plotted in terms of 

(led) the free/bound fraction (F/B); (canter) the boun'd/free traction 

(B/F) 

Note that the tow antibody concentration yields a response curve of greater 
atope when the afeay response is plotted in terms of F/B, but of lower eJope 
when plotted In terms of B/F. The precision ol measurement of zero dose 
(AOq) is Independent of the coordinate freme used to plot assay data (see 

right) 



mythology. For example, consideration of the Law of 
Mass Action reveals that, when response curves corre- 
sponding to different antibody concentrations are plot- 
ted in terms of b vs IH], the maximal slope at zero dose 
is obtained for a concentration of (where If is the 
affinity constant), in which circumstance the 2ero dose 
response (bo) iB 33%. This conclusion led to Berson and 
YaloVs enunciation of the well-known dictum (which, 
albeit erroneous, is broadly adhered to by many immu- 
noassay practitioners and kit manufacturers) that, to 
maximue RIA sensitivity, the amount of antibody to use 
in the system is that which binds 33% of labeled antigen 
in the absence of unlabeled antigen (I, 3). 

Disagreement regarding the concept of sensitivity 
inevitably led to prolonged dispute regarding immu- 
noassay design (5). However, although it is still common 
to encounter publications in the field that rely solely on 
the response curve slope as a measure of sensitivity, the 
assay detection limit is now widely accepted as the only 
valid indicator of this parameter, and we do not there- 
fore intend to dwell further on this issue here. It is 
nevertheless relevant to an understanding of the "min- 
iaturized" assay methodology described below to empha- 
size that untenable concepts of both sensitivity and 
precision underlie many of the commonly accepted rules 
governing current immunoassay-design practice, some 
of which are contravened in our own approach. 

Basic Immunoassay Designs 

It is likewise important in the present context to 
comprehend the basis of the various types of immunoas- 
says currently in use, and the constraints on the sensi- 
tivities of which they are potentially capable. The radio- 
immunoassay and analogous protein-binding assay 
techniques originally developed for the measurement of 
insulin by Yalow and Berson (6), and of thyroxin and 
vitamin B a2 by Ekins and Barakat (7, S), relied on the 
use of a labeled analyte marker to reveal the products of 
the binding reactions between analyte and binder (Fig- 
ure 3, left). This approach has subsequently often been 
portrayed as relying on "competition" between labeled 
and unlabeled analyte molecules for a limited number of 
protein-binding sites, such assays being frequently re- 
ferred to as "competitive" 

Subsequently, Wide et al. in Sweden (S), followed 
shortly by Miles and Hales in the U.K. (10), developed 
labeled antibody methods (Figure 3, right). These meth- 
ods represented an extension of the ^beled reagent" 
methods (utilizing radiolabeled organic compounds such 
as :31 Mabeled p-iodosulfonyl chloride, [ 3 H]acetic anhy- 
dride, and other similar reagents) devised, during the 
early 1950s, by Keston et al. (21), Avivi et al. (12) , and 
others for quantifying amino acids, steroid and thyroid 
hormones, etc. Although radiolabeled antibody methods 
(immunoradiometric assays; IRMAs) were originally 
claimed (13) to be more sensitive than methods baaed on 
the use of radiolabeled analyte, these claims were sup- 
ported by neither rigorous theoretical analysis nor per- 
suasive experimental evidence, and for some time re- 
mained controversial. Further doubt on their validity 
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was cast by the publication by Rodbard and Weiss in 
1973 (14) of detailed theoretical studies demonstrating 
that both labeled analyte and labeled antibody methods 
possessed essentially equal sensitivities. (Note- These 
authors suggested that IRMAs might be more sensitive in 
the assay of small polypeptides, in which radioiodine 
incorporation into the antigen molecule was restricted- 
conversely, these assays would be less sensitive for the 
measurement of antigens of high molecular mass.) Nev- 
ertheless, despite the appearance of this publication, the 
belief that labeled antibody methods per se are intrin- 
sically more sensitive than the corresponding labeled 
analyte methods gained wide acceptance among clinical 
chemists. 

The reason for confusion on this issue is that the 
greater potential sensitivity of certain assay formats is 
not really a consequence of the labeling of antibody as 
opposed to analyte; indeed, the apparent antithesis 
between labeled-analyte and labeled-antibody methods 
diverts attention from the true reasons underlying the 
superior sensitivity of certain assay designs. Theoretical 
analysis (see, e.g., 4 15) reveals that, turning >r- 
fect" separation of the products of the binding reaction 
(i.e., no misclassification of bound and free moieties) the 

man'mal sensitiv- 
ity) in a labeled analyte immunoassay invariably tends 
to zero, irrespective of whether the free or bound labeled 
analyte fraction is measured, whereas in labeled-anti- 
body methods the optimal antibody concentration de- 
pends on which labeled-antibody fraction is measured 
(see Figure 3). If the free (unreacted) antibody fraction is 
measured, the optimal concentration also tendVto zero- 
conversely, if the analyte-bound fraction is measured,' 
the concentration tends to infinity, h short, of the four" 
basic measurement strategies available— labeled ana- 
lyte, with measurement of free or bound reaction prod- 
act, and labeled antibody, also with measurement of 
free or bound product— only one permits, in practice, the 
nf antibodv concentrations aDDroachine infinity 



This particular approach may, for want of a better term, 
be described as "noncompetitive,- although it must be 
emphasiied that such terminology involves a departure 
from the original meanings attached ^"competitive" 
and "noncompetitive" when these descriptions were first 
used in the present context Indeed, as discussed below 
assays may be subclassing in this maimer when no 
labeled reagent of any kind is involved. 

However, the categorization of immunoassays and 
other binding assays as competitive or noncompetitive 
depending on the binding agent concentration yielbW 
maximal assay sensitivity, itself obscures the underly- 
ing reasons for the existence of this divergence in assay 
designs, and may thus be misleading. These reasons 
may be more readily understood if the basic principles of 
such assays are portrayed differently from their custom- 
ary presentation. 

The "Antibody Occupancy Principle" of Immunoassay 

When a "sensor" antibody is introduced into an ana- 
lyte-containing medium, binding sites on the antibody 
are occupied by analyte molecules to a fractional extent 
that reflects both the equilibrium constant governing 
the binding reaction, and the final concentration of free 
analyte present in the mixture. This proposition stems 
immediately from the Law of Mass Action, which can be 
written as 

[AbAgMfAb] = JCHAg] (1) 

or as fractional occupancy of antibody binding sites 
given by • 

fAbAgMAb] o KffAgWl + K[£Ag]) (2 ) 

where [AbAg], [Ab], [fAb], and [£Ag] represent the 
concentrations (at equilibrium) of bound and total anti- 
body, and free antibody and antigen (analyte) respec 
tively, and JT = equilibrium constant. The final' concen- 
tration of free analyte generally depends on the concen- 
trations of both total analyte and antibody; however 
when total antibody approximates 0.057/T or leas free" 
and total antigen ([Ag]) concentrations do not differ 
significantly, and fractional occupancy of antibodv is 
given by 



[AbAgMAb] « K[Ag)/(l + K(Ag]) 



(3) 



Assays utilizing this concept have been termed "am- 
bient analyte immunoassays" (16), fractional occupancy 
being independent of both sample volume and antibodv 
concentration (see below). ' 

All immunoassays essentially depend on measure- 

.mart of the •fractional occupancy" of the sensor anti- 
body after its reaction with analyte (Bee Figure 4) 

IrtS^T " * e measurement of unoccupied 

antibody bmding sites (from which antibody occupancy 
« i impbetly deduced by subtraction) necessitate-for 
attainment of maximal sensitivity-the use of sensor 
antibody concentrations tending to zero; these assays 
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Rg. 4. The antibody bindino-sito occupancy principle of immunoas- 

AJI immunoamys implicitly ml/ on Dm measurement of flractioun 

site occupancy by analyte liracoonal) andmj- 

may therefore be categorized as "competitive " Con 
veraely, techniques in which occupied sites are directly 
measured permit (in principle) the use of relatively hieh 
concentrations of sensor antibody and may be described 
as Y»cc*npetitive.» ^ difference in 

simply reflects the proposition that, to mimmize error in 
the measurement, it is generally undesirable to mea- 
sure a small quantity by estimating the difference 
between two large quantities. 

These concepts are illustrated in Figure 5, which 
portrays basic immunoassay formats currently in com- 
mon use. Conventional RIA and other similar 'labeled- 
analyte techniques rely on measurement of unoccupied 
binding sites, generally by back-titration (either simul- 
taneous or sequential) with labeled analyte, but anti- 
idiotype antibody (reactive only with unoccupied sites 
on the sensor antibody) may be used for the same 
purpose. In the case of single-site labeled-antibody as- 
says the labeled antibody itself constitutes the sensor 
antibody; after reaction with analyte, this sensor anti- 

I "^u T™*" 1 mt0 »*> unoccupied 

fractions through use of (e.g.) an immunosorbant (com- 

Cr?X,K?f "* ^I** anal0g ' or ^-idiotypic anti- 
body hnked to a solid support). If, after separation, the 

signal" emitted by Wbeled antibody bound to a£]y£ 
d.e., the "occupied" fraction) is measured dirertlyX 
assay can be classed as "noncompetitive." Conversely* 
one measures the labeled antibody not bound to analyte 
d.e., that attached to the immunosorbant), then the 
assay is competitive." 

Two-site "sandwich" assays are clearly more complex 

ered from two points of view. For our present purposes 
Aesohd-phase antibody can be regarded** the "sensed 
antibody, with the labeled antibody enabling the occu- 
pied sensor-antibody binding sites to be distinguished 

Seen from this viewpoint, two-site assays may be 
classed as ^noncompetitive." 

These considerations emphasize that the differences 
in design distinguishing so-called competitive and non 
competitive methods are essentially unrelated to which 
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Fig. 5. Basic competitrve and noncompetitive immunoassay design. 

fT^*.? ^ ° f ^ " action fl y Btem « labeled. 
Indeed, in the case of transducer-based "immunosen- 
eors no component is labeled; nevertheless, the design 
of the immunosensor will differ significantly, depending 
on whether a measurable signal is yielded by occupied 
or unoccupied antibody binding sites situated on its 
surface In short, the terms "competitive" and "Worn- 
petitive merely reflect alternative approaches to the 
determination of the occupancy of antibody binding 
sites and lead to differences in the optima] antibody 
concentration required to minimize the effects of ran- 
dom errors arising in the determination 

Competitive and noncompetitive immunoassays can 
be shown to differ significantly in many 0 f their £&! 
mance characteristics, including their sensitiviSs. In 

SST* °i T" 1 ^ ***** cons t*nt «) of the 
antibody and the specific activity of the label are impor- 
tant in detennuung sensitivity; however, in practice, 
*e "nativity of competitive assays is primarily limited 
by the affinity constant of the antibody, whereas the 

specific activity of the label is more important in non- 

competitive systems. In both cases, the "experimental" 
or manipulation" error in the measurement of the 
zenwlose, response ffio> [i.e., the relative error (ov/RJ 
arising from pipetting and other operations, but S 
including the statistical signal measurpmpnt <™ 
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se] is of key importance in determining "potential* 
assay sensitivity (i.e., the sensitivity obtained by assum- 
ing the specific activity of the label to be infinite, 
implying aero error in signal measurement). Thus the 
potential sensitivity of a competitive assay can be 
shown to be a^JKRo, whereas that of a noncompetitive 
assay is given by Ro^/[Ab]XRo, where, in the latter 
case, Ro is assumed to represent the labeled antibody 
misclassified as bound ([bAbJo), commonly referred to as 
"nonspecifically bound" antibody. Thua R^Ab] - f, the 
fraction of labeled antibody that iB nonspecifically 
bound, and Roc^AbKRo = to^JKR^ Assuming that 
the relative error (o^/R^ in the measurement of the 
zeroise response is approximately identical for both 
competitive and noncompetitive assays, it is evident 
from this simple analysis that the potential sensitivity 
of noncompetitive methods is greater than that of com- 
petitive methods by the factor f, i.e., by the fraction of 
labeled antibody that is "nonspecifically bound.* For 
example, if the nonspecifically bound fraction is 0.01%, 
a noncompetitive strategy is potentially capable of a 
sensitivity 10 000-fold greater than that of a competi- 
tive approach, other factors being equal. 

These findings are summarized in Figure 6 (left) 
which shows the relationships between sensitivity (ex- 
pressed in terms of molecules per milliliter) and anti- 
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Fig. 6. Theoretically predicted sensltjvitles of competitive and non- 
competitive immunoassay methods (represented by the SD of 2era 
analyte measurements, expressed as molecuies/rnu oloned as a 
function of antibody affinity (K) ^ 8 

Note: in rortcompetltM sandwich assays, the antibody affinity referred to is 
*™« ***«""«"»- InfteeonpeBr* assays. calctfaUone anTb^d 
on the sssumpbon thai the wperlmemal error (CV) incurred in the roalunv 
rwmtf tr* assay response <».g, fraction of laMod antigen bound) |» 1% The 

actwfty. Implying that the amir m the measurement o« the label net a* ■TtZT 
The «*, MiceM the tea m aanalSviy ens*g fiJsVJiiS 

error incurred h counting '«1 dsirtogrations tor a finite counting time Note 
«h"t H u»ng antibodies with an affinity <10« Urnol (the mexhHimaewL2k» 

»P»cme activity than "»t For noocompetftwe assays, the polantiaJ sensWvhv 
curve* shown relate to values of nonspecific binding of labeled andbodv of I'D. 
(ijoper cur**) «nd 0.01* (irnar curves), and emphas*. the IrnprnveVrnrnt In 
»«wrtMty potentially attainable by minimizing nonspecific bindmo^ wrta- 
"ponomg "Hab* curves cfemonstrste the much greater lost In sensitivity 
(compared with that potentially attainable) when a radioisotopic marker k 

"JJ< and the special eoVantagas of nonisotoplc labels of higher specific 
•cttvtty in rancompetitjve assay designs (particularly i) nonspecific bnjino is 
reduced to 0.1% or lass). Amms Indicate assay eertsitrvities reported tar 
noneon^titr* rmrnunoassayi based on m l (km*), and enzyme* retyino on 
(HS-qjw) (28) and radioactive (useu») (29) substrates 7 rheae 
onctuwns underlay the original development (79, SO) of ttrr»**orved 
^fl^!^^ <DQn *)' ** h " "oniMtopic "ultra-sensitive- immunoas. 



body affinity in an optimized competitive (labeled ana- 
lyte) assay. For this analysis, we assume (c) the lue of a 
label of infinite specific activity, and (6) the use of ia5 I as 
a label, the radioactivity of the samples -being counted 
for 1 min; Computations of the theoretically optimal 
reagent concentrations (on which calculations repre- 
sented in. Figure 6 rely) were baaed on the further 
assumptiohs that (c) the radioactivity of the antibody- 
bound labeled-analyte fraction was counted and (d) the 
(relative) "experimental error" component in the mea- 
surement of the bound fraction (oj/b) was 1%. Given 
these assumptions, the "potential" sensitivity attain- 
able in such an assay is oJKb, where K is the affinity 
constant of the antibody. [For example, if the affinity 
constant is 10" L/mol, and c^b is 0.01 (1%), maximal 
assay sensitivity iB 10"" mol/L, or ~6 x io« molecules/ 
mL.] The additional "signal measurement error" arising 
in consequence of counting radioactive samples for a 
finite time implies a loss of assay sensitivity, as shown 
by the upper curve in Figure 6 (left). However, the 
resulting loss in sensitivity is relatively small for anti- 
bodies of affinities <10 12 L/mol, and is negligible for 
antibodies with affinities <10 u L/mol. In other words if 
the essayist can accept individual sample counting 
times of ^-5 min, little improvement in sensitivity is 
gained b/ using alternative labels of higher specific 
activities than iaa I. However, similar considerations 
suggest that radioisotopic labels of much lower Bpecific 
activity than 125 I (e.g., *H) may limit the sensitivities of 
the assays (such as steroid assays) in which they are 
used, notwithstanding the use of relatively long sample 
counting times. 

The other main conclusions stemming from such 
analysis are the importance of both mirumizing "manip- 
ulation" errors and using antibodies of high bmding 
affinity. For example, an increase in oyb to 3% implies 
an approximate threefold loss in Bensitivity, notwith- 
standing the fact that an assay reoptimized in response 
to the deterioration in operator skill that these numbers 
imply would utilize leas antibody and labeled analyte 
thereby partially oflsetting the consequences of poor 
pipetting. But the most important conclusion emerging 
from the analysis is the near impossibility, in practice 
of achieving immunoassay sensitivities better than 
about 10 7 molecuies/mL by using a competitive ap- 
proach, irrespective of the nature of the label used if one 
assumes an upper limit to antibody binding affinities on 
the order of 10" L/mol. 

The results of a similar analysis of the sensitivity 
limitations applying to noncompetitive (two-site) assays 
US) are illustrated in Figure 6 (right). Two sets of 
curves are portrayed here, corresponding to the assump- 
tions of 1% and 0.01% nonspecific binding of labeled 
antibody to the capture-antibody substrate. Such anal- 
ysis likewise yields important conclusions relevant to 
assay design, e.g., the crucial importance of reducing 
nonspecific binding of labeled antibody to an absolute 
minimum. Furthermore, if nonspecific binding is re- 
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by using an antibody of K = 10 8 L/mol in an optimized 
noncompetitive assay design as by using an antibody of 
5-10 L/mol in a competitive method One of the most 

tially attainable with togh-affinity antibodies (K MO 10 

^ L "* S y u 0f ^oiBOtopically based 
m ^ B - w ^ * the relatively low specific 

activities of isotopes such as ,aa I) are limited in practice 
to sensitivities of * e order of 10*-10' molecule" 
more. In short, although, under certain circumstances 
noncompetitive IRMAs may be somewhat more sensitive 
than correspondmg R1A techniques (assuming the use 
of the same antibody in each methcriolowOthe nor^T 
tial advantages (^^ sensitivity) «fX£^£ 
tave approach «n be reahxed only by using nonisotopk 
labels of much higher specific activity than 12 »I Th e 
superiority of such labels is most apparent when tW 
are combined with Mgh-aiBnity JSS^S 
Figure 6 demonstrates that, even with u*> nf ' 
with affinities of about 

may yield a substantial improvement in eerXty 

These tiieorebcal conclusions, together with the nub- 
^ 0D J? 5f hler , aad («) of methodTof in 

; ??° d0Ml antibodies (J), consti- 
£S ^ Jt 0 "*"^ collaborative develop- 

^^ o rLKB/W ^ c f time-resolved fluorometric 

20). This methodology was the first "ultra-sensitive" 
nonisotopic inununoasaay methodology to be developed 
The same basic approach has subsequently been 
adopted by many other rnanufacturersTSing a variS 
of mgh-epecific activity labels (Table 1) ^ 
Against this background, let us now turn to the 
development of highly sensitive, miniatufiw 
spot" immunoassays and multianalyte assay systemT 

a^d ,, S2 r 7 ,Cr0,P ° t " lmmUnoaM ^ ***lc Concept. 

Ambient Anatyte Immunoassay 

Particular attention has been drawn above to the 

nS?o D ?r° • thflt "V* 0 ^ concentration appro,! 
imabng 0.5/^ ,s required to maximize the sensitivity of 
conventional labeled-antigen assays. This proposition £ 
implicitly overturned by the development of CI? 
immunoassays, which we expect to provide the bas£of 
a new generation of binding assay methods. But before 



dicing this methodology in detail, another basic 
analytical concept must be examined. ^ C 

The recognition that all immunoassay. P ^ vn K„n 
rely on measurement of antibody occ^^* 
potentially important type of assay, SnuLv^ 
immunoassay (16). This name is intended to S 
assay sy^ms that, unlike conventionaJnTelSiaW^ 
s^heanalyte concentration in the meSu^t iSJ 

pTe" W".^ ^ ****** both of sant 
pie volume and of the amount of antibody nr«**mt Tk. 

Law of Mass Action, which leads to the following ecuT 

iJT' 7 PI ^ m l &e fracti0Ml occupancy (myT!" 
lyte of antibody binding sites (at equiubrium): 

F 2 - F{(MAb]) + (fAnMAbB + 1} + [An]/IAb] = 0 (4) 

where. [An] = analyte concentration, [Ab] = antihorfv 
concentration (both in units of UK) 1 ^ 

an^v^ eqU f i0n * may readil y be shown that, for 

¥ u ' onduaion "» illustrated in Fieiire" 7 il 
which the fractional occupancy of ("monoSc" £ 
"monoclonal-) antibody binding sites in the pWnce of 
various analyte concentrations is plotted agX £ti 
body concentration. When an antibodv^nceSi™ , 
less than (aay) o.OLtf (the antib^preSy bS nof 
essentially being coupled to a solid sup^J e ^ 
to an anaJyteH»ntaining medium, the V^ulW^S 
bona]) occupancy of antibody binding sites^ely^ 
fleets the ambient concentration of ai, 2,^ 
mdependent of the total amount of antibodv ^ 
system (If, for example, K = 10» 
bmduig-site concentration of 0.01/JT represents! I oTi 
10 « mol/L, or 6 02 x 10' binding ritE^A*2fr£ 

-all .*n^J^^tf££* 

tion of analyte is maignificant For «S£T£ 

SKS?*" 1 . rf b f ^ Sites of sensor^bodles^ 
<1%. and the system is therefore effectively indepen 



Table 1. Detection Umrts According to Type of Label 

las ^ Specific activity 

1 detectable even per second per 

Enzyme label Determined by enzyme "amplifica- 

tion factor" and detectability of 
reaction product 

Chemiluminescent label 1 detectable event per (aDeted 

molecule 

Ruore^rrt label Many deteciable even b per fc^led 

n>oieciile 



away data. The teZrAM.^?^ representation of bimJiag 

They do not refer to aZ^T 10 ^ denv,n * equaUon 4. 
^le with [AW and inten^ 
affinity (eonetant) for anaJyW ?0>'m >!T Wy P 058 ^ ^ 

10-» mol^ (represented i fl ^tsof^^Mf"^ n J TatioB rf 
Thu.. fractional occupancy c^Z lz5 1 ^^"leM) unit 
cal for all antibodies this l^Tf »^ * <K,Ustlon 4 — 

be identical for ayrtems Ju* 1?- u^SJ^ will 

antibody with an affinity ofir lL|^ c °T t ? ,tioia of 811 
with anaffinity ofiu" llol lO^lS r ^ ft aafibo * r 
affinity of 10» L/mol, etc (provided ft?* flf , tn antiho * *» 
eipreaaed in the same mannTr) "^tration is 

sites are exposed, not theamo^t of Stt^k bbdin » 
i.e., the aystem is independenfof aaSe^.Sf mCUbati ° D 
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Antibody concentration * M 
Rg. 7. Fractional antibody binding-site occunanrv rr 
4) plotted as a function of antfbidy bS2^™!5 8 ? Ua f m 
. different value* of analyte <an££, 221^ 
Pontage bindlns (b) of^aiytelo 

AM concentrations a/» expressed In unite of UK nmm »,„ ^ 
concentrate,™ <0.01/ff (•ppreomaWy) tht^nt.™?L2" *? """^ 
<1* tor all .n,*. <^^3i tK &l 8 ^ ta 
essentially unaffected by variation* In anfctxxW^r^JT^^ " 
several orders of rapiLd*. being oowm«^^!^l eittand,n S «" 

eompettrve irnrnuwassays are eonverrUonaMy designed* iL ^LZX. 
wnoenuator. approximating 0.5/^1/* « TO 0n5^b^onS52 

dent of sample volume. 

♦K^^? dUHi T ]ead to two concepts First 

the anbbody may be confined to a ^croapot" on a 2 

sites within the microspot is <wff x lO" 6 x AT wherTn 

^mifS 1 '; 01 ^ *° 7^^ 1116 miCTOS P°t * exposed 
to ^milhliters) and = Avogadro's number (6 x IS? 

For example, if i, » 1 and JT = i 0 » L/ mo i, 
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n^um number of binding sites that will cause neg- 
ligible disturbance to the ambient concent* 
of analyte is 6 x .io», this number being gS£ £ 
ower-affini^ antibodies. FurtheHnorTSe^Sti " 
*a the ratip of occupied (or unoccupied) SCo£S 

tata. ofanalvte leads to the concept of a dua^K 
"ratiometnc,-. microspot immunoassay. ' 

Dual-Label Microspot Immunoassay 

s ^ e S/ B mi ? SP ° t 0fanti H Oocated on a 
ure R l*ftwvf f Md ^°taining fluid (see Fig! 
ure 8 left), the probe may be removed and exposed tea 
solution containing a high concentration of 
*t anybody directed against either a slnd e pW 
a.e the occupied site) on the analyte molecule K 
molecule is large, or against unoccupied binding siSs 

irigure a, right). The fractional occupancy of the sensor 
antibody may thus be estimated by £LS*£SZ5& 

£SET " d d r el ? ing antibodiea tSKf 

anfabody couplets." This can be readily achievedbv 

• g - 8 ^ 0f rad i~ctive, enzyme or 

chemiluminescent markers (or even labels of^tf-^ 
different nature). Fluorescent labels JSZ&£S££ 
ttcularly useful in this context because b7t^^ 
optical scanning techniques (Figur* 9 ), they ptn^Ttht 
scanning of arrays of antibody "microdots" SuSd 

~1 ' 11184 muJti P le ^alyte assays may be 
performed simultaneously on the same sample Se^raJ 
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Incubate *«h »»IWfli©typ*« ^ 




Non-competltlve assay 



Competitive assay 



^9- 8. Microspot Immunoasaay: (teft) first IncuhAtiftn 

^^ationto which the microspot has been exp^ /Zf) s^^Tl,^^^ 01 ^txxJy binding she6 reflectinr, m . 
anflbody reactve with either occupied eK M (iwSo^tBSi^ ,n ^ *• mi <**W " «WtJ to aTSSd f"^ 
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a oho ton* ^ 
8 photos* C^- 

^ »mi-Worvpic *miboo> 



Competitive gynam 



Ra9. Basic Prii^e of duad-label, ambient analyte Immunoassay 
relying on fiuoreecenMabeled antibodies "<*^*>y 

Sr^Jl^S ^J^ 0 * 0 ^ photons •"^ m *«* »• value of F (SM 
Rg. 7) and dep»ndj> aoto»y on the anaM, corowTtrabnn in Itl .llT 

coated (as s mooomotocular layer) onto the probe surface uuono " n * 3a f 

advantages stem from adopting a dua] fluorescence 
measurement. For example, neither the amount nor the 
distribution of the sensor antibody within the detector's 
field of view is important, because the ratio of the 
emitted fluorescent signals is unaffected. Likewise flue- 
tuations in the intensity of the incident (exciW)'h'rfit 
beam are apt to be of little significance. These advan- 
tages are additional to the basic benefit stemming from 
this approach, i.e., that the necessity of ensuring con. 
stancy of the amount of sensor antibody used in the 
assay system is removed. 

Microspot Immunoassay Sensitivity 

Because the microspot immunoassay methodology 
challenges concepts that have dominated immunoassay 
design theory in the past two to three decades, consid- 
eration of the potential sensitivity attainable' by this 
approach is obviously of primary importance. The prop- 
osition that microspot assays may be at least as sensi- 
tive as conventional systems that rely on far larger 
amounts of antibody may readily be demonstrated by 
consideration of a model system. Let us postulate that 

sensor antibody molecules are attached to the surface of 
a solid support such that their binding sites remain 
exposed to the analyte, and that their affinity for the 
analyte is thereby unchanged. (The antibody concentra- 
tion in the system— the number of binding sites on the 
support divided by the incubation volume— is unaffected 
by such attachment, and antibody occupancy by analvte 
at equilibrium will be identical to that occurring if the 
antibody is distributed uniformly throughout the incu- 
bation mixture.) Let us also suppose that the antibody 
molecules exist as a uniform monolayer. of maximal 
surface density on the support and (to simplify discus- 
sion) are unlabeled. Then a change in the concentration 

of sensor antibody implies a corresponding change in 
the surface area over which the antibody is distributed 
If, for example, the antibody affinity constant is 10" 
L/mol, the total incubation volume is 1 mL, and the 
antibody surface density is 6000 binding sites/wn 2 , then 



antibody binding srtes corresponding to a concentration 

t « '££2 rf 0 01 W to™***** to a concan- 
trahon of 0.01/jf, etc. Let us further poetulate that after 
exposure of the sensor antibodies to a medium contain, 
mg analyte at a concentration of 0.01/aT (i.e. 6 x 10' 
molecules/ml) we measure "noncompetitively" the re- 

,^!S^ y <•*. by exposure to a sec- 

ond^ labeled, "developing" antibody directed against the 
analyte, forming a typical antibody sandwich). Finally 
let us suppose that all occupied sites react with the 
developing antibody, with the latter also binding W 
specrficallv- to the solid support itself at a surface 
density of 1 molecule//im a . 

J^L^Vr C0QSider ^ e effectB of a Progressive 

?t£?fJ£ "^^^ 8urface *"* fr°* (e-g.) 
1 mm (effective antibody concentration UK) through 
0.1 mm a (0.1/K) to 0.01 mm a (0.01/X) and below. From 
equati^ 4, the value of F for the 1 mm 2 area is 4.98 x 

i i u_, Jr™ -i ! qmLbnurn &e ^ analyte and 

labeled antibody molecules specifically bound to the 
area is 2.99 x 10 7 (i.e., about 50% of the total analyte 
molecules present), whereas the number of labeled an- 
tibody molecules nonspecifically bound is 10 s Thus 
gauming the field of view of the detecting instrument is' 
restricted to the area on which the sensor antibody is 
deposited (see Figure 10a), and (provisionally) assuming 
the background (or "noise") of the instrument itself to be 
zero (i.e., the only source of background is the non- 
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specifically-bound labeled antibody within the instru- 
ment's field of view), the signal/noise ratio observed for 
the 1 mm 8 area is —30. Similarly, the value of F for a 0.1 
mm 2 area is 9.02 x 10"** the number of labeled anti- 
body molecules specifically bound to the area is 5.41 x 
10* the number froMpedfically bound is 10 9 , and the 
signal/noise ratio is -54. Likewise, the signal/noise 
ratio for a 0.01 mm 2 area can be shown to be -59. In 
short, the signal/noise ratio increases as the antibody- 
coated surface area is decreased, approaching a maxi- 
mal (plateau) value of 60 as the area coated with sensor 
antibody falls below 0.01 mm 2 and tends toward zero. 

If, however, a reduction in the antibody-coated area 
were not accompanied by a corresponding reduction in 
the detecting instrument's field of view, the resulting 
reduction in "signal" would not lead to a corresponding 
decrease in the background generated by nonspecifi- 
cally-bound developing antibody (Figure 106). There- 
fore, although reduction in the coated area would in- 
crease the fractional occupancy of the sensor antibody, 
the signal/noise ratio might either remain constant or 
fall. In these circumstances it might be advantageous to 
increase the coated area. Similarly, if the surface den- 
sity of sensor antibody were decreased (the coated area 
being held constant), similar conclusions would be 
reached (Figure 10c). 

Likewise, if the background signal generated within 
the detecting instrument itself (e.g., from the photocath- 
ode of a photomultiplier tube used to detect photons 
emitted from the antibody-coated area) were not zero 
and remained constant regardless of the instrument's 
field of view, then a maximum signal/noise ratio would 
also be attained at some optimal value of the antibody- 
coated area, below which the ratio would fall. Because 
however, one can generally reduce the size of the detector 
(and hence the detector-generated background) at the 
same rate as the size of the signal-emitting area, there is 
no reason— in principle— for the signal/noise ratio to 
duninish as the. antibody-coated area is progressively 
reduced toward zero. Thus if we . accept the signal/noise 
ratio as indicative of the precision of the measurement of 
antibody occupancy (and hence of assay sensitivity) 
these considerations suggest that it is advantageous to' 
reduce the antibody-coated surface area (and, concomi- 
tantly, the sensor-antibody concentration) toward zero 
although little advantage is likely to accrue from reduc- 
ing the area below 0.01 mm 2 (and thus the antibody 
concentration below 0.01/JQ. 

Were the microspot area indeed reduced to zero, both 
signal and noire would likewise also fall to zero (the 
ratio between them nevertheless remaining essentially 
«rofitant), implying that no signal of any kind would, in 
the limit, be recorded. In practice, other statistical 
factors come into play when the Dumber of individual 

events (e.g., photons) observed by a detecting instru- 
ment is very low, thus prohibiting a reduction of the 
sensor antibody concentration to zero. The point at 
which the reduction in the antibody-coated area causes 
tH» ^w^KI* «ipn«il to be lost sufficiently to affect the 



precision of the measurement of antibody occupancy 
depends clearly on the specific activity of the labeled 
antibody used to measure the occupied binding sites- the 
higher the specific activity, the smaller theixnniaaibie 
area. Thus, given labels of very high specific activity, 
one can envision circumstances in which, even in a " 
"noncompetitive'' system, the optimal concentration of 
sensor antibody may be exceedingly low. A more gen- 
eral conclusion is that a variety of factors, including the 
characteristics of the instruments used for measuring 
the labeled antibody (or labeled analyte), influence 
immunoassay design, implying, among other things, the 
virtual impossibility of formulating general rules re- 
garding this. For example, reagent concentrations that 
are optimal for isotopically labeled reagents used with a 
conventional radioisotope counter (possessing a fixed 
background dependent on its basic construction) are 
likely to be entirely different when very high-specific- 
activity labels are used and one has the freedom to tailor 
the measuring instrument to samples of any size. In 
short, certain conclusions based on experience of RIA 
and IRMA techniques may prove misleading when ap- 
plied to nonisotopic methodologies, and should be 
viewed with caution. 

A more detailed theoretical consideration of (noncom- 
petitive) microspot immunoassay sensitivity 121) sug- 
gests that 



min 



* [(6 x 10»)(1 + [Ab»])J/Dtf[Ab»] (5) 

where D = surface density (binding siteaW) of aensor 
antibody, K = B ensor antibody affinity (L/mol) [Ab»] = 
concentration of labeled antibody in developing' solution 
(expressed in units of VK*, where K* - labeled antibody 
*™|y). P***> = minimum detectable surface density 
of labeled antibody (moleculea/^m 2 ), and = assay 
detection limit (molecules/mL). For example™]! [Ab*] = 
1,-D = 10 6 molecules/Mm 2 ,* = 10" L/mol, andD* , = 
20 molecules/Mm 3 , then = 2.4 x l 0 « molecule^mL 
- 4 x 10 mol/L and the fractional occupancy of the 
binding Bites of the sensor antibody by the minimum 
detectable concentration of analyte is 0.04%. Figure 11 
shows the theoretical aessy sensitivities attainable with 
use of sensor antibodies of various affinities, plotted as a 
function ofD*^. 

A similar theoretical analysis of competitive micro- 
spot immunoassay indicates that potential sensitivities 
are essentially identical to those attainable with con- 
ventiona) competitive methodologies. In summary the 
above considerations indicate that the attainment of 
nigh microspot assay sensitivity requires close packing 
of molecules of sensor antibodies within the xnicrosnot 
area, combined with the use of an instrument capable of 
accurately measuring very low surface densities of de- 
veloping antibodies. They also suggest that (a) micro- 
spot assay sensitivities considerably higher than those 
obtainable by conventional isotopically based immu- 
noassays are achievable, and (6) if labels of very hieh 
specific activity are available, the sensitivities vielded 
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to diminish with future improvement in photomultiplier 
design. Other sources of background include fluores- 
cence emitted by components in the optical system, 
which may not, in current instruments, have been 
constructed with background reduction as a prime con- 
sideration. Nevertheless, they detect with high sensitiv- 
ity fluorescent Signals. For example, one commercially 
available microscope is claimed to detect fluorescein at a 
density of 10 mpleculea/fixn?. Most commercially avail- 
able fluorescein isothiocyanate (FTTO-labeled IgG ex- 
hibits a fluorophor/protein ratio of —4; this implies 
detection limit (Z)*^) for antibody surface density of 
two or three FITC-labeled IgG molecules per microme- 
ter 2 . This, in turn, implies a theoretical sensitivity for a 
two-site immunoassay of -2-3 x 10 5 analyte molecules 
per milliliter, assuming identical parameter values as 
above, or 2-3 x 10 4 molecules/mL if the sensing anti- 
body has an affinity of 10" L/moL Clearly, sensitivity 
may be increased by loading more fluorophor either 
directly or indirectly onto the antibody. 

Our preliminary studies have relied on a less sensi- 
tive microscope, albeit one possessing facilities for dual- 
fluorescence measurement Its argon laser emits two 
excitation lines at 488 and 514 nm. It is thus particu- 
larly efficient in exciting blue/green-emitting fluoro- 
phores such as FJTC (excitation maximum 492 nm), but 
is less efficient in exciting fluorophores such as Texas 
Red (excitation maximum 596 nm). However, the ratio- 
metric assay principle permits considerable variation in 
detection efficiencies of the two labels because the spe- 
cific activities of the labeled antibody species forming 
the antibody couplets can be chosen to yield signal 
ratios approximating unity. Inefficiency of the argon 
laser in exciting Texas Red is thus not a major handicap 
in this context* Though this instrument relies on a 
conventional microscope and not on an optical system 
designed for this purpose (and thus implicitly less sen- 
sitive), it permits quantification of fluorescence signals 
generated from microspot* of any selected area. Initial 
studies have revealed that, under conditions that are 
not optimal, the instrument is 'capable of detecting —25 
FITC-labeled and (or) 150 Texas Red-labeled IgG mole- 
cules per micrometer 2 , while scanning an area of —50 
/an 2 . 

The development of microspot immunoassays has also 
necessitated closer scrutiny of the mechanisms involved 
in the coupling, of antibodies to solid supports. In the 
present context, these should display a capacity to 
adsorb (in the form of a monolayer)— or to covalently 
link — a high surface density of antibody combined with 
low intrinsic-signal-generating properties (e.g., low in- 
trinsic fluorescence), thus minimizing background. We 
have examined a number of candidate materials, such 

as polypropylene, Teflon*, cellulose and nitrocellulose 

membranes, microtiter plates (clear polystyrene plates; 
black, white, and clear polystyrene plates), glass slides 
and quartz optical fibers coated with 3-(amino propyl) 
triethoxy ailane, etc, and several alternative protocols 
for achieving high monolayer coating densities. These 



studies have exposed phenomena neither evident nor of 
importance when antibody binding to solid supports is 
examined at a macroscopic level. Provisionally, we have 
used white Dynatech Microfluor microtiter plates- 
formulated for the detection of low fluorescence signals, 
and yielding high Bignal/noise ratios and high coating 
densities of fractional antibodies (-5 x 10 4 IgG ifiole- 
cules/Min^for assay development, although such 
plates are not ideal. Indeed, deficiencies in the antibody- 
deposition methods used constitute the principal source 
of imprecision in assay results and the limitation in 
sensitivity that this implies. Clearly, this represents an 
area for further study and refinement of current coating 
techniques. 

Notwithstanding the limitations of present instru- 
mentation (which, among other things, does not permit 
the use of time-resolving techniques to distinguish two 
individual fluorescence Bignals either from each other or 
from background fluorescence) and the crudeness of 
present methods for coupling antibodies onto small 
areas, we have verified the theoretical concepts outlined 
above by comparing the performance of several assays 
when constructed in microspot format and when conven- 
tionally designed. Although unoptimized, ratiometric 
microspot assays have yielded sensitivity values closely 
approaching those of conventional optimized IRMA. As 
an example, the results of a ratiometric assay system for 
thyrotropin, with use of Texas Red- and FITC-labeled 
antibodies, are shown in Figure 13. Bearing in mind the 
well-known limitations of these and other "convention- 
al" fiuorophors when used as immunoassay reagent 
labels, such results are encouraging, although further 
work is clearly required to achieve the considerably 
greater sensitivity theoretically predicted with use of 
improved fiuorophors, better antibody-mi crospotting 
techniques, and purpose-built (time-resolving) instru- 
mentation. 

The finding that highly sensitive immunoassays can 
be performed with far smaller amounts of antibody than 
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Fig. 13. Response curve In a dual-labeled microspot ratiometric 
assay of thyrotropin (TSH) with Texas Red-labeled solid-phase 
capture antibody and a developing antibody labeled with biotin/ 
FfTC-^avidin 

The FfTC/Texaa Red ratio for each microspot was measured with a ecanning 
contoca) microscope, and pkmed at • function of TSH concentration in 
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are currently used conventionally permits in turn the 
construction of antibody microspot arrays enabling, in 
principle, the simultaneous measurement of thousands 
of different substances in 1-mL samples. In collabora- 
tion with investigators at the Centre for Applied Micro- 
biological Research, Porton Down, U.K., we are pres- 
ently developing various techniques for the creation of 
such arrays. Indeed, similar technologies have recently 
been used for the parallel synthesis of several different 
polypeptides, these enabling 10 000- microspot arrays to 
be constructed on silica chips approximating 1 cm 2 (24). 
Although arrays of this capacity are unlikely. to ever be 
required for conventional diagnostic purposes, we can 
anticipate that the ability to simultaneously measure 
many substances in the same sample will have revolu- 
tionary consequences in medicine and other similar 
areas. In addition, such techniques may ultimately 
permit the individual analysis of the multiple isoforms 
of certain -heterogeneous" analytes (e.g., the glycopro- 
tein hormones), such molecular heterogeneity currently 
presenting a major obstacle to the standardization and 
interpretation of many immunological measurements 
(25). Moreover, although these concepts have been illus- 
trated in an immunoassay context, they are clearly 
applicable to all "binding assays," including those rely- 
ing on the use of DNA probes,, hormone receptors, etc. 
For example, labeled lectins that are specific in their 
reactions with the sugar residues in the oligosaccharide 
chains of glycoprotein molecules may be used, together 
with specific antibodies, to impart additional "structural 
specificity" to sandwich assays (26, 27), possibly over- 
coming the limitations of antibodies per se in regard to 
differentiation of the glycosylation variants of the gly- 
coprotein hormones. 

Summary and Conclusion ' 

Because of past confusion regarding the concepts of 
precision, sensitivity, accuracy, etc., several erroneous 
concepts have become incorporated within currently 
accepted rules of immunoassay design. In particular, 
much higher antibody concentrations are customarily 
used than are necessary to achieve very high assay 
sensitivity, provided that certain measurement strate- 
gies are adhered to. In this presentation, we have 
attempted to show that, in principle, the highest assay 
sensitivities are obtained by confining a small number 
of sensor antibody molecules onto a very small area in 
the form of a microspot and measuring their occupancy 
by an analyte, by using very high -specific-activity "de- 
veloping* antibody probes, thereby maximizing the sig- 
nal/noise ratio in the determination of sensor antibody 
occupancy. This observation, which contradicts cur- 
rently accepted immunoassay design theory, in turn 
makes possible the measurement of an unlimited num- 
ber of different analytes on a chip of very small surface 
area through the use of, e.g., laser scanning techniques 
closely analogous to those used in compact disk tech- 
niques of sound recording. Extensive experimental stud- 
ies in this area, albeit conducted with relatively crude 
techniques and instrumentation not specifically de- 



signed for these purposes, and therefore not reported in 
detail here, have demonstrated the feasibility of the 
miniaturized antibody microspot approach and the va- 
lidity of the general concepts on which it is based. We 
are therefore confident that this represents the basis of 
a next-generation technology that is likely to have a 
revolutionary impact on all fields involving the use of 
binding assays. 
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Corrections 



Vol 37, pp. 1447-8: In our desire for rapid publication, 
important errors were introduced into the following 
Technical Brief. The corrected version is here repro- 
duced Id its entirety, with our apologies to the authors. 

Rapid Detection of 1717-1G-+A Mutation in CFTR Gene 
by PCR-Medlated Site-Directed Mutagenesis, Laura 
Cremonesi,* Manuela Seta * Carmelina Magnanif and 
Maurizio Ferrari* ( x tstituto Scientific© H.S. Raflaele, 
Lab. Centrale, Milano; 2 Istituti Clin, di Perfezi onamento, 
Lab. di Ricerche Clin., Milano, Italy) 

Until now, among the non-AF508 mutations identified in 
the cystic fibrosis transmembrane conductance regulator 
(CFTR) gene by the Cystic Fibrosis (CF) Genetic Analysis 
Consortium, the ones most frequently seen in our popula- 
tion sample are the 1717-1G— >A mutation (13/144 or 9% of 
the CF chromosomes) and the G542X mutation (16/190 or 
8.4% of the CF chromosomes), both revealed by doU-blot 
hybridization of the polymerase chain reaction (PCR) prod- 
uct with allele-specific oligonucleotides (ASO) probes (J). 

In an attempt to simpl ify t he analysis of the most 
frequent mutations in the CFTR gene, we converted radio- 
labeled ASO detection into restriction endonuclease anal- 
ysis of the amplified product 

A PCR-mediated site-directed mutagenesis (2, 3) to de- 
tect the G542X mutation by generating a novel BstNl site 
in the wild-type sequence had already been suggested (4). 

To detect die 1 71 7-1 G-* A mutation, we designed the 
reverse primer (5 '-CTCTGCAAACTTGGA G A GGTC-3 ') to 
contain a single-base mismatch (T-+G), which "could create 
a novel A will restriction site [G ] G(A/T)CC] in the am- 
plified wild-type (WT) allele but not in the CF mutant (M) 
allele: 



WT: WT 1717 

1- 
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TAGGACA GCAGAG 



3' 



AT XTG9. 



CGTCTC 
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Rg. 1. Detection of the 1717-1G— A mutation by PCR 
Reactions were carried out with 1 pg of genomic DNA tn a total volume of 100 
til containing 10 mmoU TriaHCl (pH 84). 50 mmot/L KCl, 1.S mmot/L 
MgCty. 0.1 oA gelatin, 200 Mmoi/L each of the tour deoxyriboriucieotide 
triphosphates. 2.5 urvts of Taq porymemae (Peridrt-Eknar Cmtuz, NorwaJk. 
CT), and 100 pmot of each of the primers. PCR conditions were as fottows: 
denaturation at W *C for 1 min. anneaiinQ at 55 *C tor 30 s. and extension at 
72 *C tor 1 min, for a total of 30 cyctea. PCR products were digested tor 2 h at 
37 •C with 5 U oTAvsN and etecucphoresed on 3% egarose-1% NuSleve gel 
for l h at 50 V. Bands were made vis&le by staining the get with ethidium 
bromide. Lane 1: AOetll-dlgested p6R322 size marker. Lane 2: normal 
homo2ygoie. Lane 3: CF patient homozygous for the 1717-1&-*A mutation. 
Lane A; heterozygote carrier tor the 1717-1G-»A mutation 



For the forward primer, we used the one made available 
by the CF Gene tic Analysis Consortium to amplify exon 11 
of the CFTR gene: 5 ' -C AACTGTGGTTAAAGC AAT- 
AGTGT-3'. 

Digestion by A vail enzyme of the PCR product generates 
two fragments of 116- and 21 -bp in the wild-type alleles 
and leaves undigested a 137-bp fragment in the mutant 
alleles (Figure 1). 

By combined analysis for the AF508 mutation (5) (252/ 
470 or 53.6% of the CF chromosomes), 1717-1G-+A, and 
G542X, about 71% of mutations might be detected by 
nonisotopic analysis of the PCR product, thus allowing a 
faster and easier one-day procedure for carrier screening 
and prenatal testing. 
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